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ABSTRACT

A field experiment was conducted to evaluate the use 6f waste
heat for soil warming in the southeast. The water was heated to‘lOO°F‘
€38°C) and circulated through a network of one<inch diameter, 18 ft.
long plastic pipes buried at a depth of 20 inches and spaced 20 inchés
apart. Soil temperature and heat flux measurement were analyzed to
determine the effect of soil warming in combination with surface aﬁd
subsurface irrigation on the soil temperature regime and on the amount
of heat that can be transferred to the soil system. The following
crops were grown on the test plots: cabbage, cucumber, snap. bean,
strawberry, sweet corn and sweet potato. The influence of soil warm-
ing and other environmental factors on the growth, development and
yield of these crops was evaluated.

It was determin;d that heat could be transferred to the éoil sys—
tem. at rates ranging from 11.9 Btu/ft2 hr during hot periods to greater
than 43.7 Btu/ft2 hr during cold periods. Heat transfer rates were:
increased 4 percent during summer months by subirrigation. Low volume_
sprinkler irrigation increased heat transfer rates by 16% and when both
subirrigation and surface irrigation were used the heat transfer was
increased 247%.

During cool periods soil warming increased soil surface tempera-
ture by 9-12°F and at the 8-inch depth by 15-20°F. This rise in

temperature was sufficient to stimulate plant growth.
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Soil warming produced earlier maturity of sweet corn, snap bean
and strawberry in the spring and extended the growing season for
cabbage in the fall, In most iﬁstances yields were alsc increased and
it‘was concluded that the use of soil warming would increase profit for
these high value crops.

The mathematical model of Kendrick and Havens was used to pro-
jéct the heat flux measurements to prototype scale systems. It was
determingd that a soil warming system of the type studied would
requirg‘approximately 16,000 acres to handle the waste héat from a
1000 megawatt planf during the summer in North Carolina. Approximate-
1y 3800 acres could be warmed during tﬁe coldest winter months.

It waé concluded that the soil warming system wili not be econo-
mically competitive with conventional cooling methods in the'Southeést
at the present time. However, it shoéuld be noted that this system does
hold potenﬁial for increased crop production and further work should

be done on this phase of the project.
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SUMMARY AND CONCLUSIONS
A field experiment was conducted to evaluate the use of waste heat
for soil warming in the Southeast. Water was heated to 100°F and circu-
lated through a network of l-inch diameter 18 ft long plastic pipes buried
at a depth of 20 inches and spaced 20 inches apart. Soil temperéture and
heat flux measurements were analyzed to determine the effect of soil
warming in combination with surfacé and subsurface irrigation on the soil

temperature regime and on the amount of heat that can be transferred to

- the soll system. It was determined that heat could be transferred to the

soil system at rates ranging from 11.9 Btu/ftzhr during hot periods to
greater than 43.7 Btu/ftzhr during cold periods. While these wvalues are
obviously dependent on climatic factors and will vary with locatiqn, they
will be representative of much of the Southeast. Based on heat flux data
from eight heated plots it was concluded that during hot summer months the
amount of heat transferred to the atmosphere via the soil system can be
increased by 4 percent by subirrvigation at a rate of 0.12 inches/dayo
Higher subirrigation rates will not affect the heat transfer rate for the
Wagram sandy loam soil studied. Low volume sprinkler irrigation will cool
the soil surface and increase the heat transfer rate by about 16 percent.
When both subirrigation and surface irrigation are applied the heat transfer
rate can be increased by an average of more than 24 percent,

During cool periods soil warming will‘increase surface temperature
by 9 to 12°F and temperatures at an 8-inch depth by 15 to 20°F. This
rise is sufficlent to stimulate plant growth during cool seasons of the

year. The temperature rise due to soil warming will be somewhat less
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during hot perieds, but may still result in averasge root zone tempera-
tures in excess of 90°F.

A mathematical model developed by Kendrick and Havens (1973)
was used to extropolate the information obtained in this study to
prototype scale systems. It was detsrmined from heat flux data
that for hot summer days the effective surface tempgrature over a
soll warming system carrying 100°F water may reach 84°F., Based on
this temperature, approximately 16,000 acres would be required to
handle the waste heat from a 1000 megawatt plant if the soil warming
system consists of 4 inch pipe buried 20 inches deep and placed 20
Vinches apart. If low veolume sprinkler dirrigatien is used in com-
bination with subsurface irrigation, the effective surface temper-
ature can be reduced to 80°F and about 12,000 acres would be required.
Based/on these projections and on an economic analysis eof a soil
warming system by Plummer (1974), it was concluded that soil warming
systems will not be economically competitive with conventional cool-
ing methods in the Southeast at the present time.

If seil warming is used in combination with other beneficial uses
or with conventional cooling processes, considerably less land area
would be needed and maximum. benefit from soil warming could still
be obtained. For example; a 6000 acre system (4~inch pipes, 20
inches deep and 20 inches apart) could handle one-half of the heat
load from a 1000 megawatt plant during the hot summér menths when sub
and surface irrigation are used te increase heaf flux. During cooler
periods this system would handle the entire cooling.load.
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Approximately 3800 acres could be warmed during the coldest periods
of the year in North Carelina.

Cucumber, snap bean, strawberry, sweet corn, cabbage, and sweet
potato were grown to determine their response to soil warming.
Earlier maturity of sweet corn, snap beans, .and strawberries was ob-
tained in the spring and the fall growing season for cabbage was
extended. Yields were increased in mest instances and it was con-
cluded that the use of soil warming would increase profit for these
high value creps. A summary of results on crop response to soil

warming is.given in the following table.
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RECOMMENDATIONS

The results of this study indicate that it will not be feasible to

use soil warming to replace conventional coocling systems in the South-

east at this time. In cooler climates where the effective summer sur-

face temperatures are lower, it may be possible to replace some of the
convéntional’cocling by soil warming. The feagibility can be evaluated

by using the Kendrick and Hoveres equaticn. However, it is recommended
that surface temperatures used in this equation be detexmined by field
experiments as soil warming will raise the surface temperature and measure-
ments under natural conditions will give values that are too low.

It is recommended that work continue toward developing mathematical
and/or computer models to characterize the heat transfer process in soil
warming. The most immediate need is for a model that will treat the radi-
ation, convection, and change of phase conditions at the soil surface,

It is alse important that the model consider transient heat and mass trans-
fer in the soil so that temperature and soil water distributions as well
as heat transfer rates can be reliably predicted.

Further work on'soil warming should concentrate on the use of waste:
heat td stimulate crop production and less on its‘use as a replacement for
conventional cooling facilities. From the design point of view, this
places the emphasis on devising efficient systems to maintain desired tem-
perature and soil water distributions rather than to maximize heat transfer
rates. It appears that this use of waste heat will be economically feasible
for only limited areas in the U.S. Therefore it is recommended that future
studies include a thorough economic analysis prior to development of prototype

scale experiments.
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If is recommended that more:work be done toward solving agronomic,
and cultural problems unique to crop production with.soil warming.
O0f particular importance is defining the optimum sequencing of crops which
will maximize yield and minimize problems associated with insects, disease

and cultural practices.
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INTRODUCTION

It is estimated that demand for electric power will continue to
double about every ten years for the rest of this century (Krenkel and
Parker, 1969). Even with a prcjected increase in operating efficiency
from about 33 to 46 percent by the year 2000 we will have a four~fold
increase in the rate of waste heat production. At present about 2 KWH
of energy are rejected via condenser cooling waters for every KWH of
electric power produced. In 1971 approximately 95 percent of the watef
used in cooling electric generator condensers was returned to streams or
estuaries where incressed water temperatures are generally not desirable,
Clark (1969) estimates thét within 30 vears the electric power industry
will require the dispoesal of about 20>trillion Btu of waste heat per day.
To dispose of this amount of waste heat by natural waters would require
about one-third of the average daily fresh water runoff in the United
States. During critical lew flow periods, 100 percent of the daily fresh
water runoff would be required.

Recent legislation and rulings by the Environmental Protection Agency
have all but eliminated the use of "once through cocling' for steam electric
generating plants. Cooling ponds, spray ponds, and coeling towers are
possible alternatives, but these processes are expensive. A better alter-
native would be to use the heated water in 2 beneficial manner. Industrial
use of the heated waste water is generally uneconomical, because the heated
water constitutes a relatively low temperature source of ensrgy. A better
use of this heat appears to be for food production. Boersma (1970) showed

that crop preduction can be increased by using the warm water for soil




‘warming, irrigation, and evaporative cooling of the soll and plant surfaces.

The spent cooling waters can also be used for heating and cooling green-
houses and poultry houses, for heating aquacultural ponds, and to increase
the decomposition rate of agricultural processing and animal wasf:es° Inte-
grated systems in which these uses of waste heat are combined have been
proposed by Boersma and Lindstrom (l971),vand by Price and Peart (1971).
The overall objective of this project was to evaluate the use of
waste heat for soil warming in the Southeast. When the projéct was ini-
tially proposed, it was assumed that a prerequisite to the employment of
any system using waste heat from steam electric generating stations isk
that the system will provide for the use or disposal of heat during all
seasons of the year. This is especially important during the hot summer
months when stream flows. are low and the effects of adding warm Wéter to
streams 1s most detrimental. Another approach has been taken by some
investigators. They have assumed that conventional cooling facilities
will always be required because of the huge volumeé of water carrying
waste heat, the need for waste heat during only certain periods of the
year, and the lack of proven reliability of most waste heat uses. The
aim of this approach is to utilize the heat during certain périods of the
yéar to increase agricultural er acquacultural production. While this
approach is legitimate and offers means of utilizing a presently discarded
source of energy, it does not relieve the problems of disposing of large
volumes of waste heat without harmful environmental effects or excessive
cost, Therefore the conclusions of the study, especially with respect to

the technical and economi¢ feasibility of soil warming, are based on the




assumption that this proposed use of waste heat would replace, at least

in part, conventional cooling processes,.



REVIEW OF LITERATURE

Crop Response

Wasfe heat can be used for soil warming by circulating warm con-
denser cooling waters through a network of buried pipes. Soil temperatﬁres
will be increased with‘the prospect of stimulating plant growth and in-
creasing the length of the growing season so that two or more crops may
be produced. Tﬁe various aspects of soil temperature effects on plants
such as effects on nutrient uptake, water uptake, growth, and senescence
have been studied in detail and have been the subject of several complete
reviews articles (Shaw, 1952; Nielson and Humphries; 19663 Rykbost, 1973;
Nielson, 1974).

In general plant growth increases with increasing soil temperature
up to the optimum which is usually between 22-30°¢ (Miller, 1938;
Lehenbauer, 1914; Van Wijk et al., 1959; Pearson et al., 1970) and then
decreases with further temperature increase. Nutrient availability is also
increased by increasing soil temperatures (Willey, 1959; Mederski and
Wilson, 1958). Furthermore, yields are increésed and the overall growth
period is shortened (Willey, 1959; Wort, 1940; Power, et al., 1970).

The potential use of waste heat for increasing crop production has
spurred research activity to determine effects éf soil warming on plant
growth. Ongoing research and recent published work was reviewed in detail

by Gillham (1974). Based on three years of field data, Boersma et al.,




(1972) concluded that, for the growing conditions of the Willamette Valley,
éoil warming could result in yield increases of 30 to 40 percent for mest
crops tested. They found that soil warming also increased the water re-
quirements for producing a crop.

The effect of soil warming on potato production in Minnesota was re~-
ported by Allred, et al. (1973). They found that while scil warming did
not increase the total yield, harvest dates on heated plots were 2-3 weeks
earlier than on nosheated plots. Further they demonstrated the possibility
of obtaining two crops of potatces per year via the use of soil warming.

Crop response data in the Southeast has been obtained in studies
sponsored by the Tennessee Valley Authority at Muscle Shoals, Alabama
(Gillham, 1974). Results for 1971 showed that the yields for sweet corn
and snap beans were approximately doubled by soil warming while only a
slight response was obtained with summer squash. The 1572 data indicated
considerable yearly variation and emphasized the difficulty of predicting

‘an average yield increase without long term crop response data.

Heat Transfer

The design of a soll warming system to reduce the temperature of
condenser cooling waters by a given amount and the determination of the
resulting effecis on soil tempersture is basically a heat transfer problem.
Kendrick and Havens (1973) developed a mathematical model for heat coéduc—
tion from buried parallel warm water pipes. Equations were derived to pre-

dict the heat dissipation rate, soil temperature distribution, and length

of pipe required to,achieve a given drop in water temperature. The model




assumed steady state conditions, uniform and constant soil thermal con-
ductivity, a surface temperature constant with respect to both time and
position, and pipe surfsce tempersture equal to the water temperature.
Although the model has provided a valuable tocl for evaluating alternative
soil warming systems, these underlying assumptions limits its direct ap-
plication without supporting field data, The soil properties are not
generally uniform or constant. The thermal conductivity of soil is highly
dependent on both poresity an& water content (Skaggs and Smith, 1968).
Boersma (1970} found that subsurface heating tended to dry out seil next.
to the heat pipes lowering the thermal conductivity and considerably re-
ducing heat transfer frem the system. Thus a completely analytical treat-
meﬁt of this process must consider both mass and heat transfer, Probably
the most difficult obstacle to the use of the Kendrick and Havens model is
the determination of an effective surface temperature. Soll surface tem-
peratures have natural diurnsl and seasonal fluctuations, In addition, soil
warming increases the surface temperature sc temperatures measured under
natural conditions cannot be directly used in the model. Purthermore, the
temperature increase due to soil warming will be propertional te the heat
flux at the surface, so the effective surface temperature near the entrance
to the system will not be the same as at the exit where the water tempera-
ture is lower. Because of the complex process of heat and mass transfer
due to soil warming and the difficulty of accurately characterizing the
surface boundary coendition, field experiments are necessary to reliably
evaluate the potential for soil warming and to provide a data base for

developing and testing analytical medels.




Several field and laboratory studies have been conducted or are in
process to evaluate the feasibility of using waste heat for soil warming.
Probably the most intensive work in this area has been conducted at
Oregon State University by Boersma and his collgaguesgk The results of
this work was described in detail by Boersma (1970), Boersma, et al.
(l972)>and Barlow, et al. (1974). Warm water pipes were simulated by
a network of electrical heating cables buried 6 ft, deep and spaced 6 ft.
apart. Cable temperatures were varied betwsen 75 and 150°F but were set
at 100°F most of the time. Soil and air temperature profiles, soil water
content and heat dissipation rates were measured at intermittant intervals
during 1969-1972, The response of several crops was determined as dis-
cussed above.

While this method of soil warming resulted in considerable tempera-
ture increases below the source, the decrease in temperature above the
heat source was rapid and, during cooler periods, was raised by only about
4°F above normal temperatures at a 4 in depth. Heat flux>from heated plots
without plant . cover varied from 8 Btu/ftzhr in January to 3 Btufftzhr in
July and August. When subirrigation was not applied, the soil dried out.
around the heating cables forming & core with low thermal conductivity.
Subirrigation applied through perous pipes located 15 cm above the heating
cables maintained moist cenditions near the cables and raised the above
heat flux values by about 50 percent. Surface irrigation was found to be
ineffective in holding the soil arcund the cables in a moist condition.

Field studies are being conducted at Pennsylvania State University

on a 0.23 acre site. The soil warming system (described in detail by DeWalle




and Richenderfer, 1974) conaists of 100 ft long - 2 in polyethylene pipes
buried 1 ft. deep and spaced 2 £t, apart. Varm water is supplied from an
oil-fired hot water furnace and mixing tank. Municipal waste water is
applied to the plot through a sprinkler irrigation system at a rate of

2 inches per week. The initisl shbiectives of the study are te in%estigate
heat dissipation and waste water renovation so no attempt waé made to grow
crops on the plet., Instead the plet was see@ed to a grass mixture.

Heat flux and temperature data for 1973 was presented by Alpert and
Fritton (1974). Heat fluxes varied from 13 to 16 Btu/ftzhr in August teo
about 29 Btu/ftzhr in Novembsr., Comparisons of obseryed pipe temperatures
with those prediéted by the Keundrick and Havens (1973) equation were in
acceptable agreement. However the investigators concluded that the accuracy
of thé Kendrick and Havens model was limited by the assumpti@h of comstant
surface temperatq;e wiﬁh distance from the inlet manifold.

VanDemarkiand DeWall (1974) investigated the effects of climate on
heat dissipation. They developed a method to predict the averagé surface
tempefature from climatic data which predicted values in good agreement with
measured temperatures in the summer when the surface was only partially
vegetated. ‘After dense grass cover was established the method.predicted
surface temperatures that werse 4-8°C lower than measured values. Predictions
of heat loss using va:ibus estimates and measurements of surface temperature

were generally low in the summer.,

Economic Analyses

The economic analyses of Rykbost, EE.EL? {1974) and Johns et al. (1973)




were reviewed by Gillham (1974). Rykbost, et al. {(1974) determined the
cost of a soil warming system snd compared it to increased return from
projected yield increases. The system consisted of 2 in diameter plastic
pipes buried 3 ft deep with a 6 ft. lateral spacing. They determined a
capital investment of $3,300/acre and a yearly cost of $270/acre. Gillham
(1974) noted that, unless double cropping is possible, it does not appear
that soil warming for vegetable producticn is economically feasible,

Johns, et al. (1973) estimated capital costs of a soil warming system
using 1 in. PVC pipe spaced 4 ft., apart to be $3,000 to $5,000/acre. Based
on the $5000/acre capital cost the annual fixed cost was estimated to be
about $820/acre. They considered 29 vegetable crops and ceoncluded that only
a spring crop of dry onions had a yield response sufficient to.pay for the
warming system.

Neither of the abeve analyses accrued benefits for coeling the con-
denser waters. Plummer (1974) conducted a detailed econemic analysis and
technical feasibility study of s soil warming system for a 1500 Megawatt
power plant. In the system he considered, municipal sewage effluent was
sprayed on the fields to increase the heat transfer characteristics of
the soil. Both the economic and feasibility analyses were based on math-
ematical simulations of the soll warming system and power plant condenser
operation. Average monthly climetic conditions for central Pennsylivania
were used to simulate system operation for one year. The economic analysis
considered agricultural benefits and benefits associated with the advanced
treatment of municipal waste water. During hot seasons it was necessary to

raise the temperature of the cooling water in order to maintain a high heat
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transfer rate. The effect of this measure on the cost of power generation
was considered by computing an economic penalty cost resulting from the
reduced operating efficiencies. ' Plummer concluded that the wasté heat
from a 1500 megawatt plant could be cooled By a soll warming system con~
sisting of buried 2 inch diameter plastic pipe laterals spaced.at one

foot depth and two foot spacing. He projected the optimum land area would
be 4500 acres having a net capital cost of $24/KW. This cost is less than
the cost of dry cooling towers but about 40 percent more expensive than.

wet towers.
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OBJECTIVES

To determine ‘the capacity of the soil system as a heat sink, and
to evaluate the seasonal variation of this capacity in the South-
east.

To determine the effect of various combinations of subsurface and
low volume surface irrigation on the amount of heat that can be
transferred to the soil system.

To determine the soil temperature response when heated waters are
used for soil warming in combination with subsurface and low
volume surfaée irrigation.

To evaluate the response of selected crops to soil warming systems.
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EXPERIMENTAL METHODS

Heat Use and Temperaturs Response

Soil warming systems were installed in 13 by 18 ft. field plots
located on the Central Crops Research Station at Ciéyton, N.C. The
soil was a Wagram sandy lcam which had an A horizon of 18-22 inches
deep underlain by a sandy clay subsoil extending to a depth of
greater than 4 feet.

Heated water was circulated through eight 1-inch diameter 18 ft.
long plastic pipes buried at a depth of 20 inches and spaced 20 inches
apart. The pipes were connected end to end by 20-inch long sections
to form a serpentine pattern as shown in Figure 1. Each plot con-
tained a pump, water heater, and thermostat to heat the water to a set
temperature and circulate it continuously. The short sections of pipe
connecting the water heater, which was above ground, to the below -
ground system of pipes'waé covered with 4-inch fiberglas dinsulation to
reduce heat losses. . The setvpoint was maintained at 100°F. The ther-
mostat was a gas bulb on-off temperature switch which was sensitive to
+ .2°F, .so close control of the heater.water temperature was obtained.
The flow.rate was 5 gal/min and because of the relatively small plots,
the temperature drop from the cutlet to the inlet of the water heater
was only 1 to 3°F.' The heat dissipated in each plet was measured by

non-recording watt-hour meters which were read daily.
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Boersma (1970) fouﬁd that soil heating dried the soil around the
heat source reducing its thermal conductivity and consequently the
amount of heat that can be transferred to the soil system. 1In order
to maintain the soil water content at a level that would sustain vigo-
rous plant growth and a high thermal conductivity, two irrigation
schemes were used. Water was subirrigated through porous tubes buried
in the soil directly above the heating pipes as shown in the profile
view of Figure 2. Subirrigation was applied daily during a six hour
period and was equivalent to an application rate of .12 inches/day on
a plot basis. Short term tests were conducted to evaluate the effects
of higher subirrigation rates. Water was also added to some of thé
?lots by low volume sprinkler irrigation during thé hottest period of
the day for the purpose of surface cooling. Several surface applica-
tion schemes were tried and an application of .08 in/hr from 1200 to
1300 hours and again ffom 1400 to 1500 hours was selected. Wierenga,
gghgls (1970) showed that irrigation with warm water resulted in an -
insignificant rise in the soil temperature over that obtained with
cooler water. Thus in order to simplify>the experimental setup, the
irrigation water in these tests was applied at the normal temperature
of the water source, a large farm pond.

Eight treatments were used: a control, soil warming, subsurface
irrigation, surface irrigation, surface plus subsurface irrigation,
soil warming with -surface irrigation, soil warming with subsurface

irrigation, and soil warming with surface plus subsurface irrigation.
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Figure:2. -Profile view of" soil warmlng plpes with overlaylng
sublrrlgatlon tubing.
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Each treatment was replicated twice so there were a total of 16
experimental plots. A schematic of the plot layout is given in
Figure 3. A pictoral view of the experimental site is shown in
Figure 4.

The temperature distribution in the soil profile was measured
during selected periods with thermocouplés placed at 10 cm increments
up from the depth of the heating pipe. Temperatures wefe measured
vertically over the heating‘pipe and midway between adjacent pipes.
With respect to the crop, temperature measurements were made midway
lbetween rows which were oriented perpéndicular to the heating pipes.
Temperatures ‘were recorded using 16 and 24 point strip chart poten-
tiometersiand,‘during certain periods, by an automatic data acquisi-

tion éystem with teletype punched paper tape output.

Crop Sequence

At the outset of this study crops yielding high net income per
acre were selected for study. ‘This was done in order to maximize econ-
omic returns. Most of these crops are highly perishable and increase
in value when produced out of normal season. The sequence of cropping
can be seen in Table 1.

Cabbage is normaily a cool season crop and is produced during
late fall or early spring in the North Carolina Coastal Plain.- Cébbage

does have some frost hardiness and can withstand temperature to -7°C.

Thus cabbage was chosen as.a crop for the fall and winter season.
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Table 1. Cropping sequence during soil warming in 1971-1974 1/

Snap Straw- Sweet Sweet

Year/Month ' beans Cabbage Cucumbers berries corn potatoes
1971 7

8 23 8

9

10 18 H

11 1P

12
1972 1 21 H 27 P

2

3 29 s(1)%/ o

4 26 H

5 5 8(2) 16 H(1)

6 30 H(2) 1 FH

7 21 S8(3)

8 21 8

9 11 H 26 P

10

11

12
1973 1

3 9 1 14

3 14°p

4 24

5 o ‘

6 4 FH 14 H

7 25 S B B

8 SR

9 10 H

10 15 H

11 19 p

12
1974 1

2

3. 19 8

4 21 s 17 H

5 21 S 20 FH

6 25 H 6 P

7 3-12 H

8 985

9 13 H

10 11 H

1/ Number under crop indicates date of practice; letter indicates practice:

S = Seeding, P = Transplanting, H = First harvest, H = Final harvest.
g/ Number in parenthesis indicates planting of a given year.

3/ Harvest of the second year for the same planting.




20

Cucumbers are generally considered to be a warm season crop.
However, they do not withstand extremely high soil temperatures during
germination. Because they do respond favorably to increased soil and
air temperature cucumbers were grown during mid and late sumﬁer in an
effort to determine if they could withstand higher soil temperatures
caused by soil warming.

Snap beans are élso considered a warm season crop, but will grow
during cooler seasons. Snap bean is sensitive to excessively high soil
temperature during germination. Further, excessive evapotranspiration
during flowering will cause young pods to drop off and reduce yield.
Snap beans were tested during early spring and mid-summer. This was
done to test plant response during a séason which is normally too cool
for good growth and to determine if the crop. could be successfully grown
during late summer when high soil temperatures were unfavorable.

Strawberry is a perennial érop which is hsually grown for two
years. Flower buds of the strawberry are produced during the fall,
thus soil warming did not affecﬁ'yield potential the first year. But
earliness and final yield could be affected by changes in ambient tem-
perature.

Sweet corn is a warm seasonncrop which responds to increased
temperature during its .seedling growth.. But sweet corn can withstand
‘lower soil temperatures than snap beans of cucumbers .during eariy growth
periods. Thus sweet corn was tested during very early spring in an

effort to produce earlier harvest and obtain a higher market price.
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Sweet potato is a c¢rop which requires a long warm season and does
not grow well in cool temperatures. In fact sweet potatoes require’
higher temperatures than corm, snap beans or cucumbers and will with-
stand very high temperatures. Because swedt potato does respond favor-
abiy to high temperature it was chosen for use during.thé hot summer
months, when soil temperatures were too high for good growth of the

aforementioned crops.

Plant Measurements

Cultural Practices

Crops were -planted using conventional cultural practices in éll
instances.‘ The cultivar, depth of seeding, spacinévwithin and between
‘ rowgs rows per plot and fertilizatdion are detailed in Table 2. Stréw—
berries were gfown at closer‘than normal spacing in an effort to maxi-
mize differences between treatments during a shotter than normél period

of growth. The general types of crop measurements are listed for each’
~crop-in Table 3. Not.all‘measureﬁents were made on all species ana
measurements on an:individual gpecies varied with the study.
Plant Stand

Plant stand was determined by counting the plants in one row of
the 4 ﬁ soilYWarmed area:or an equivalent length in non~warmed.plots.
flantﬁstand was determined either saon'dfter Seedling emergence or when

the crop was harvested.
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Table 2. Cultural conditions for crops -under soil warming 1971 to 1974,

Spacing Number Fertilization
Year Seeding  between within of rows Starter Sidedress
Crop planted Cultivar depth(cm) rows(cm)rows(ecm) per/plot Kg/ha Kg/ha
Cabbage '71,'72 Round Dutch - 107 30 1 40+80-80  20-0-66
20-0-0
Cucumber '73,'74 Poinsett 2.5 107 10 3 50=-100-100 40=0-0
Snapbean 71 Slenderwhite 4.3 90 6 1 50-100-100 20-0-19
Snapbean '72 Bush Blue 4.3 90 6 2 80-80-80 20-20-20
Lake 274 20-0-0
Snapbean '74 Bush Blue Lake 4.3 60 6 2 50-100-100 20-0-0
Supreme
Strawberry '71,'72 Earlibelle - 30 ‘30 2 116-116-116 20-20-20
Strawberry '73 Earlibelle - 30 30 2 64-64-64 30-0-0
Sweet corn  '73 ‘Earlibelle 2.5 90 10 2 50-100-340 30-0-0
Sweet corn '74 Silver Queen 2.5 20 10 2 50-100-100 30-0-0
30-0-0
Sweet potato '74 Jewel - 107 30 1 30-60-30 40-p-120
Sweet potato '74 Copperskin Jewel- 107 30 1 30-60-30 40-0-120
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Table 3. Types of crop neasurements taken on crops grown with soil warming
during 4 vyears.
Multiple harvest Single harvest
Plant Plant Crop Crop Crop Crop Micro

Year Crop Stand Growth Yield Quality Yield Quality Climate
1971 Snapbeans X b4

Cabbage X X
1972 Strawberries X X X

Snapbeans (1) X

Snapbeans (2) x X X

Snapbeans (3) b X

Cabbage X ® X X
1973 Strawberries X X X

Sweet corn X p:4 X

Cucumbers X X X
1974 Strawberries X X X

Sweet corn X X : X

Snapbeans b4 X

Sweet potatoes X X X

Cucumbers X X
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Plant Growth

Cabbage: Plant growth response was measured in various wéys for each
crop. In 1971 and 1972 two cabbage plaﬁts were sacrificed every two
weeks and separated into leaves and stems. Head formation was noted
and leaves from the head were included with other leaves. Fresh and
dry weight of each tissue Was recorded.

Strawberry: In 1972 strawberry plant growth was evaluated by counting
leaves, flower buds, open flowers and runners throughout the spring
growth period. Plants were sacrificed on 7/6/72 and fresh and dry
weight of the mother plant, and plantlets determined. In 1973 straw-
berry leaf, flower bud and open flowers were counted during the spring
growth period.

In 1974 more intensive growth measurements were made by sacrific-
ingYS plants every 3 weeks during the fall and winter and every. 2 weeks
when the growth flush began in the early spring. Leaf, number fresh
and dry weight were determined, crown and root fresh and dry weight were
also measured. Flowel bud, open flowers and green fruit were counted. !
and fresh and dry weight determined.

Sweet Potato: Total plant (leaves and stems) fresh weight of sweet

potatoes was determined at harvest. A subsample was dried to deter-
mine percentage dry weight and the dry weight per plot was calculated.
" A subsample of roots was also dried to determine dry matter production

by this tissue.




Harvesting

Multiple harvests were made on cucumbers, strawberries and sweet
corn. Harvests were affected‘twice weekly during crop bearing season.
A single harvest was made on snap beans, cabbage and sweet potatoes.

A period of abnormally low temperature in January 1972 caused premature
termination of the cabbage study and no yield data were taken. In 1973
cabbage was injured by cold temperatures and the degree of injury was
evaluated by weighing and counting head with slight, moderate and
extensive injury.

Crop Quality

Strawberry crop quality was evaluated by sorting all berries into
large (»1.9 cm) medium (1.25-1.9 cm) and small (<1.25 cm) size classes.
The soluble solids (sugar contenf) of medium size berries was detefmin—
ed by refractive index at each ﬁarvests

Cucumbers were graded according to USDA grade standard for slic-
ing cucumbers as US Fancy, US No. 1, US No. 2, or cull.

vIn 1972 the second planting of snap beans was evaluated for ten-
derness using a Kramer shear press.,

Sweet potatoes were graded in accord with USDA standards as

Jumbo, No. 1, No. 2, canners and culls.
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Crop Canopy Microclimate

Cabbage

Leaf and canopy air temperatures were monitored during 2 periods,
December.20-27, 1972 and January 6-12, 1973. Air temperature within
the cabbage canopy was monitored at 5, 10, 20 and 30 cm above the soil
surface using 24 guagé copper—constantan, welded thermocouples. Thermo-
couples were shielded from‘direct radiation with double roofed, open,
white plywood shelters. Plant temperatures were‘monitorgd with three
.008" copper-constantan welded thermocouples connected in parallel at
each level. Leaf and head temperatures were observed at 2 or 20 cm and
.15 cm above the soil surface, respectively. Thermocouples were attach-
ed to leaves by weaving the thermocouple leads through the leaf and
bridging it against the underside of the leaf.
Cucumber

Cucumber leaf temperature and water potential were monitored
throughout the day on September 19 and 20; 1973. A Barnes PRT-10
infrared thermometer was measured individual leaf temperature in each
plot. One leaf each of old, mature and young age classes was used and
the mean of 3 observations is reported.

Leaves of a comparable age to those mentioned above were sampled
for determination of plaht water potential, Plant water potential was
determined with double junction thermocouple psychrometers. Psychro-

meters were incubated at 30°C for one hour to equilibrate temperature.
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RESULTS AND DISCUSSION

Heat Transfer to the Scil System

Seasonal Variation

The rate of heat transferred to the soil system for a heated plot
without surfaée or subsurface irrigation is plotted in Figure 5 for
1973 and for Jan. 1 to Oct. 1, 1974. The heat flux varied from 11.9 to
43.7 Btu/ft2 hr (average daily values) during the season with the maxi-
mum occurring in February and the minimum in July. The maximum output
of the plot heaters was BAKW which is equivalent to 43.7 Btu/ft2 hr
when boundary effects are neglected. The heaters were coperating 100
percent of the time during 2 days in Feb; 1973 and for six days in Jan.
1972 and were still not able to maintain the set temperature of 100°F,
Therefore, the maximum heat transfer rate would have been in excess of
43.7 Btu/ftz hr during the coldest periods of the year if a larger water
heater had been used.

In order to demonstrate the effect of atmospheric conditions on
the heat flux, daily rainfall and mean ambient temperature are also
plotted in Figure 5. The mean temﬁerature was obtained by averaging
the daily maximum and minimum temperatures. While it is difficult to
separate the effects of ambient temperature from that of rainfall,
wind velocity, incident radiation, etc., heat flux appears to be quite
sensitive to changes in the mean ambient temperature. For example, a
gradual decline in the mean temperature from 82 to 71°F during 1973
days 227 to 233 followed by a gradual increase to 84°F by day 240

, , . . " 2
resulted in first an increase in heat flux from 11.9 to 21.8 Btu/ft” hr
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and then a decrease to 13.4 Btu/ftzhr. Approximately 0.5 in. of rain-
fall occurred during both periods so the change in heat fiux was pri-
marily due to changes in ambient temperatures. The effect of rainfall
is more difficult to discern. While pe:iods of heavy rainfall were
usually associated with a rise in the heat flux, a decline in the
ambient temperature generally occurred as well and it was not possible
to readily separate the effects of the two parameters. However, the
surface application of water tends to increase the heat flux as will be
demonstrated in the following section.

Effects of Surface and Subsurface Irrigation

The effects of sub and surface irrigation dn the amount of heat
transferred to the soil system were determined by analyzing the heat
flux data for the period April 19 to Nov. 1, 1973. Data were analyzed
for 50 days when both the surface and subsurface irrigation systems
were operating ana during which less than .1 in. of rainfall occurred.
‘The results atre summarized in Table 4. An analysis of variance showed
that the effects of both'sub and surface irrigation were significant at
the 1 percent level. The interaction bgtween sub and surface irriga-

tion was significant at the 10 percent level.

Tab.e 4. Summary of effects of sub and surface irrigation on heat flux

Treafment Heat Flux (Btu/ftzrhr) ‘ Peréehtflncfeaée
Range Mean Due to Irrigation

No Irrigation 12.3 - 31.1 19.5 —_——

Subirrigation ~11.5 - 30.6 20.6 ’4.2**

Surface Irrigation 15.0 - 36.1 22.8. ' 15.6**

Sub + Surface Irrigation 14.2 - 40.4 24.5 24.0*

%

Means differ from No Irrigation at the 10% probability level
B3 -
Means differ from No Irrigation at the 1% probability level




Plots cof the heat flux for the 4 treatmerdts arékgiven in Figure
6 for two pericds, £/15/73 to 9/12/72 and 9/22/73 to 10/20/73. ‘Thasé
data indicate the day to day variation of heat flux and the effact of
sub and surface irrigation.

The small effect of subirrigation on the heat flux is somewhat
surprising in view of the results of Boersm&, et al. (1972). They
fcund.thaﬁ soil Qarming using heating cébles bufiad 36 in. deep iﬁ &
gilty clay loam soil resulted in‘the soil drying near the heat«soﬁrce
with a éonsequant reduction in thermal conduﬁtivity and heat,flux’tﬁ the
surface. By using subirrvigation to maintain a high 'soil water content
.they were able to increase the heat flux by 40 to 6Q‘percent. Differ~‘
ences in the results reported here and those éf Boersma and his co-
ﬁorkers appear to.be caused by several factors. The soii‘Use& in the
‘presentbstudy was a sandy loam with a relatively high hydraulié con-
ductivity in the top 18-20 inches. Theiefore, water from rainfall
could move rapidly through the profile to the pipe at a 20 inch‘deptﬁ.
The reiatively high rainfall indicated in Tigure 5 waé ap?arently guf* e
ficlent to prevent the soil from severely drying oht,néar the_wa;m
water pipes. The thermal éonauttivity of séﬁdy soils is also higher. at
lower water contents than for heavier soils, Thué a“smallef water con~
“tent is required to maintain a high heat flui in this‘éoil. Boersma
(1970) recognized these factors and sugeested that the best soil to usé
should probaEly have a li2my sant! texture; however. the small efféct of

subirrigation found in this study is still somewhat surprising.
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Another factor influencing the rate that soil near the heat
source will dry out is the radius of the warm water pipe. Soil dries
near the heat source because the relatively high temperature increases
the vapor preSsu;e and drives the water vapor away from the pipe. The
relative humidity of ﬁaist 501l is nearly 100 percent, so the partial
pressure gradient, and consequently the drying rate, is directly depen-
dent on the temperature gradient. The effect of the pipe radius on the
temperature gradient can bé approximated by using the stéady~state

relationship derived by Kindrick and Havens (1973) for temperature in a

soil with warm water pipes. Their equation 22 may be written,’
x2 + (h—z)2
T = TS + A 1§ Xz + (h+y)2
N (nS - x)2 + (h—y)2
+ I 1In 2 2
n=1 - (nS - %) + (hty)
N 82 2
+ 5 1n 1 (nS + x)2 + (h-—y)2 (1)
n=1 (msS + x)° + (hty)
; Tw - Ts
where A = : (2)
_ N * x2 2 — 2
1n2h,R &Zlnns 4+ (2h-R)

n=1 n282 + R2

h is the depth to the center of the pipe, S is the distance between
pipes, R is the pipe radius, Tw is the warm water temperature, Ts is
the temperature of the soil surface, and the number of pipes is 2N+1.
The origin is taken at‘the‘soil surface directly over the center of
the pipe with y defined positive in the upward direction so that the

pipe center is located at x =0, y = -h.
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Differentiating equation 1 with respect to y and evaluating the

temperature gradient at the top of the pipe where it is maximum yields,

dr _ ~2h
dy { max (2h-R)R

"y = -htR

n S~ + R{Zh-R)

(3)
1 @%s? + RO@%s? + (2h-r)? |

~ 4h

N 2.2
z
n:

The temperature gradient at the pipe surface is plotted versus pipe :
radius for three soil surface temperatures in Figure 7. As the pipe
radius decreases the temperature gradient increases exponentially.
Therefore, all.other factors being equal, the soil close to a small dia-
meter heating cable will dry out more rapidly than that next to a larger
warm water pipe.

In order to determine if the heat flux could be further increased
by a higher subirrigation rate, the rate was increased from .12 to .6
inches per day for one of the heated - subirrigated plots and for one.
of the heated - surface irrigated - subirrigated plots. Heat flux data
obtained from these plots for a period of 20 days were compared to re-
plicate plots with subirrigation rates of .12 in/day. The means of
the heat fluxes for the two subirrigation rates varied by less thén 1
percent and an analysis of variance showed that the difference was not
significant. Thus, the heat flux can bé increased by about 4 percent
by subirrigating at a rate of .12 in/day for the soil warming system
investigated in this study. Higher subirrigation rates will not fur-
ther increase the rate of heat dissipation, and it seems probable that
a rate less than .12 ih/day will maintain the observed increase in heat

flux.
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Figure 7. Effect of pipe radius on the temperature gradient near the warm
water pipe.
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Low volume surface irrigation applied during the hot period of
the day increased heat transferfed from the warm water pipes by an
average of 15.6 percent. When both subsurface and surface irrigation
were applied, the heat flux increased by an average of 24 percent over
that obtained with no irrigation. The significant intefaction between
surface and subsurface irrigation can be explained on the basis that
surface irrigation cools the surface and increases the potential for
heat transfer from the warm water pipes. The addition of subsurface
irrigation raises the thermal conductivity of the soil which results in
a larger percentage increase of heat flux on sﬁrface irrigated plots

than on plots without surface irrigation.

Temperature Response to Soil Warming

The temperature fluctuation of the soil surfaces for control and
heated plots with subirrigation and with surface irrigation are plotted
in Figure 8 for élfour—day period-in October, 1973. The diurnal varia-
tion bf the air temperature was bétween 50 and 81°F during this period.
Surface temperatures of the subirrigated plot averaged 13°F higher -
than the control plots. vLow volume sprinklef irrigation between the
hoﬁrs of lZ:QO to l:CO PM énd 2:00 to 3:00 PM redﬁCed the peak tempera-
tureé of the heated plots by 7 to 9°F. The minimum sgrface’tempeﬁature
iﬁ theAsubirrigated plot was 1-2°F lower than cofrequnding temperatures
where surface irrigation was applied. - This was proEably due to a lower
water comtént and avconsequent lower heat capacity neér the.5urface in
the subirrigated plot. The crop grown during this‘period was. cucumbers

with the rows oriented perpendicular to the heating pipes. Temperature

measurements were made midway betiveen the rows.
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The soil temperature at a 4-inch depth at a point directly above
the heating pipes is given for the same period in Figure 9. The temper-

ature in the subirrigated plot averaged about 15°F higher than the con-

" trol. Corresponding temperatures in the surface irrigated plot averaged

3°F‘lower than those in the subirrigated plot. Closer to the warm water‘
pipes the tempeﬁatures increase as indicated in Figure 10 for a depth
ofblé inches. ‘Here the diurnal temperatdre variation was nearly damped
out and the temperatures in thevsurface irrigated and subirrigated plots
averaged respectively, 23 and 25°F higher than the control. The dif-
ference in the temperature for the subsurface and surface irrigated
plots may be attributed mainly to two factors. The surface‘cooling due
to evaporation lowered the average temperatﬁre of the surface irriga;ed
plot which is reflected in lower temperatures at all depths above the
warm water pipes. Secondly the higher water content in the subirrigated
plot increased the thermal conductivity and decreased the temperature
drop near‘the heat pipes. -

A comparison of the temperatures directly above the heating pipe
to those midway between adjacent pipes is given in Figure 11 for the
surface irrigated plot. The temperature directly over the warm water
pipe at a 20 inch depth was about 97°F compared to an average of 89°F
midway between pipes at the same depth. Howeyer, for depths 16 inches
and less the tepperature between pipes was essentially the séme as
directly over the pipes. Thus the pipe spacing and depth used in this
study provided uniform warming of the soil profile to a depth of 16
iﬁches; For this period, the.temperature incfeaée due to soil warming
varied from 23°F at the 16 inch depth to an average of 13°F at the sur-
face. When surface cooling was used the average surface temperature

rise was about 10°F.
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Soil temperatures for a heated plot with no irrigation and for a
control plot are plotted for a cool period in Figure 12. During this
period the daily mean air temperature varied from 41 to 52°F and soil
warming increaséd the temperature by approximately 15 and 20°F at
depths of 2 and 10 inches respectively.

The effect of soil warming on temperatures above the heating pipe
is shown graphically in Figures 13-17. The average air temperatures
for the periods varied from 34.8°F on January 6, 1972 (Figure 13) to
82°F for July 2, 1974 (Figure 16). In all cases the diurnal temperature\
fluctuation decreased with depth so the maximum.and~minimum temperatures
converge with increasing depth for both'heated.and unheated plots. For
cold periods (Figure 13 and 14) both the maximum and minimum surface
temperatures were increased by 9 to 12°F due to soil warming. The
increase in temperature at the bottom of the plow layer (8 inches) was
15 to 20°F for these periods. Although the response of crops to chahgeé
in soil temperature is dependent on the spgcies and variety, the optimum
temperature for growth of most plants is between 50 and 90°F. Therve-
fore a soil warming ;ystem of the type used in this study has the capa-
city to elevate soil temperatures to a level that would stimulate plant
growth during the cool seasons of the year. Experimental evidence sup-
porting this conclusion is given in the crop response section of this

report.
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For warmer'pericds, the maximum and minimum surface temperatures
were again raised by 9 to 12°F, as shown in Figure 15 for a day in
October when the average temperature was 63°F.  The temperature rise
near the bottom of the plow iayer (15 to 20°F at the 8 inch depth) was
also about the same as for cooler periods.

Temperature dafa for two hot days are shown in Figures 16 and 17,
The surface temperatures were raised by 6 to 10°F, but there was general-
1y i@ss effect on soil temperatufes at various depths than for the cooler
periods. These data show that soil wqrming may increase the average soil
temperatures in the root zone to levels exceeding 90°F during hot periods.
This temperature increase is sufficient to reduce yields for some crops.
However most of the crops grown in the Southeast can be produced under
fhese conditions without detrimental effects. The temperature increase
due to soil warming during hot periods can be reduced by evaporative

cooling wvia sprinkler irrigation on the surface as shown in Figure 8.

Application of Results

The results presented in the previous sections provide basic data
for %gtermining the land area required to handle the waste heat from a
given size power plant in North Carolina. A rough approximation of the
acreage required for a 1000 megawatt plant can be obtained directly from
the heat flux measurements given in Figure 5. For a plant operating at
33.3 percent efficiency, a heat load of 2000 megawatts would be dis-
charged as waste heat wvia the cooling waters. Assuming the minimum heat
flux of 11.9 Btu/ftzhr (Figure 5), lS,lOO acres would be required during

the hottest period of the year. By using low volume sprinkler irriga-
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tion to cool the surface and subirrigation to maintain high seii‘thermal
conductivity the minimum heat flux could be increased to 14.8 Btu/ftzhr
and approximately 10,500 acres would be needed. In winter months heat
flux on the experimental plots increased tc~43.7 Btu/ftzhr so approxi-
mately 3,100 acres coulq be warmed during this period.

The above calculations gfe based on data from experimental plots
and are valid only for conditions similar to those of this experiment.
In particular these calculations are limited to systems consisting of
1~inch diameter plastic pipes buried 20 inches deep and spaced 20 inches
apart with a nearly constant water temperature of 100°F. On a proto-
type scale water enters the soil warming system at temperature Ti and
is cooled to Tl by the time it reaches the exit. As the warm water
cools, the temperature gradient between the pipes and the soil surface
decreases an& heat flux is reduced. Thus the area required for a 1000

>megawatt plant is dependent on the temperature drop AT = Ti-T1 which
will in turn be dependent on the cooling water flow rate. A mathemati-
cal model is needed to extrapolate the results of this study to other
pipe diameters, spacings and depths and to determine the effect of AT
on the land area that can be warmed by the system.

As discussed previously, Kendricks and Havens (1973) presented
mathematical models to describe steady state heat transfer in a soil
warming system of the type studied here. They assumed a constant sur-
face temperature and derived the following expression for a system in
which water is flowing in the same direction in paraliel pipes spaced

a S.distance apart.
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. 21K (Tw - TS)
q = {4)

2 P2
In ;(3.;1?%) + (nS) ~ + (Zh~R}
n

In

1 (nS)2 + R2

[

where i is the heat transferred per unit length of pipe, K is the soil
thermal conductivity, R is the pipe radius and the other symbols are
the same as defined previously. The thermal conductiyity of the pipe
wall is high compared to the soil and the temperature drop across the
wall is negligible. The heat flux can be obtained from equation 4 by
dividing a by the spacing between pipes, S. The effective thermal
conductivity of the Wagram soil used in this study was determined by
substituting meaéured values of the heat flux and the average daily soil
surface temperature into equation 4 and solving for K. Thermal conduc-
tivity values were calculated for a total of 15 days in Jan., June, and
Oct. and the K values obtained rangéd from 1.30 to 1.75 Btu/ft hr F
with an‘average of 1.40 Btu/ft hr F. This K value was used in the fol-
lowing. calculations fof azprptotype system.

"An equation for determining the length of pipe required to obtain
a given temperature drop in the warm water was also derived by Kendrick

and Havens‘(l973) and may be written as,
Zv= mC/27K 1n ((Ti - Ts)/(Tl - Ts))

N 2, 2
Zh-R g (97 - (ZhER) (5)

n=1 (ms)? + R
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where Z is the length of flow required to deop the water temperature

from Ti to Tl, m 1s the mass flowrate per pipe, and C is heat capacity

of watgr. The number of pipes, M, for a given system may be calculated
from the total system flowrate and the flowrate for each pipe. Then
the land area that can be heated by the system may be expressed as

Area = MSZ (6)
Equations 5 and 6 were used to determine the area required for a 1000
megawatt, 33.3 percent efficient, plant in which water initially at
100°F is flowing in the same direction in parallel pipes (case II con-
sidered by Kendrick and Havens). The heated area is plotted versus sur-
face temperature in Figure 18 for 4 outlet temperatures, Tq.

Because the soil surface temperature is not steady but varies
diurnally as shown in Figure 8, one of the Aifficulties in using plots
such as Figure 18 is the selectibn of a realistic surface temperature,'
TS, For the experimental systems of this study the effective mean sur-
temperature can be calculated from equation 4 by using measured heat
flux(data such as that given.in Figure 5. Such calculations show that’
the effective mean surface temperature varied from a maximum of 84°F
whén the heat flux was 11.9 Btu/ftzhr to 44.4°F for 42 Btu/ftzhr. The
derivation of equation 5 was based on the assumption that the surface
temperature is constant at all points in the field.

It was concluded from temferature data already discussed (Fig-
ures 8 and 13~17) that soil warming iﬁcreases the surface temperature.
This is expected since the heat is ultimately transferred to the atmos-

phere and the heat transfer rate at the surface may be written as,
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qa=h (T ~T) (6)
where ho is the convection-radiation heat transfer coefficient at the
surface which is dependent on wind velocity, cover, emissivity of the
surface and other factors, and Ta is the air temperature. Thus, when
heat is transferred from the warm water pipes through the soil system
to the atmosphere, the surface temperature is increased.

Because the water temperature and, therefore the heat flux,
decreases és the water flows through the pipes, the rise in surface
temperature due to soll warming will be smaller near the outlet end of
a prototype svstem than near the inlet. Therefore the mean surface
temperatures in the field will be somewhat lower than those calculated
from the experimental heat flux measurements because the flow length
in the plots was relatively short and there was only a 1-3°F difference
in the inlet and outlet temperatures. However these calculated surface
temperaturés can still be used to estimate the land area needed for soil
warming during various seasons of the year. Using a surface temperature
of 84°F in Figure 18 gives areas of 16,800, 21,400 and 37,000 acres for
AT values of 5, 10 and 15°F respectively. Whilg lower AT values main-‘
tain a higher temperature gradient bgtween the warm watérfpipe and the
soil surface and therefore require‘less land‘area, they also reqﬁire a
higher-fldwrate and consequently increase pumping costs.

The land areé required can be reduced by increasing the diameter
of the pipes and/or placing the pipes closer together as indicated in
Figure 19. For example,. when the surface temperature is 72°F the area

required for a 1000 megawatt plant can be reduced from 9500 to 7500
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acres by using 4~inch rather than l-inch diameter pipe. During the
hottest periods of the year when the effective surfacektemperature may
reach 84°F, approximately 16,000 acres would be required to handle the
waste heat from a 1000 megawatt plant if 4~inch pipe is used as com-
pared to 21,400 acres for l-inch pipe.: These projections are for a
system of heating pipe buried 20 inches deep aﬁd‘piaced 20 inches apart
in which water enters at 100°F and exité-at 90°F. The required flow-
rate would be 1,320,000 gpm. The>requi;ed landvarea'can also be re-
duced byvplacing,the warm water pipes closef to the surface. The pre-
dicted effect of pipe deptﬁ is shown graphi;ally in Figﬁre 20 for sur—
face temperatures of 60, 70, and 84°F. Fﬁr'a surface temperature of
84°F and 1-inc¢h pipes, the required area could be reduced from 21;400
acres to 15,500 acres by placing'the pipes at a depth of 12 inches
rather than 20 inches. Tﬁe required area may be reduced to 11,000 acres
if 4-inch pipe is used. Again it shouid Be emphasized that the maximum
effective sufface temperature of 84°F was determined from experiments
using l-inch pipe spaced 20 inches apart and buried 20 inches deep.
If 4-~inch pipe had been used or the depth had been réduced, ;he surface
temperature during the hot periods‘would doubtlessly have been higher,
The effective surface temperatures used in the preceeding calcula-.
tions were obtained from heat flux data from heated élots with no sur-
face or subsurface irrigation. By using low volume sprinkler irrigation
in combination with subsurface irrigation the effective surface temper-

ature during the hottest period can be reduced to approximately 80°F.




57

o - /

; )

28000 k- /) o

- SPACING = 20 INCHES
. -/ WATER TEMP=I100°F |

| | /' PIPE DIA.— I INCH |
. 24000} / - —4INGH |
@ |
()
<
o 20000 }
=
<L
-t -
o
-
9 15000 -
P—
<L
E; Lo
<f
o
2 12000 -
i
(®) .
o
- !
& 8000
fi.
< -
il
K '
< 4000 -

{ U | .l {

l 2 3 4
PIPE DEPTH, FT.
. Flgure 20.. Effect of pipe deﬁth and surface temperature on the area

required for a 1000 megawatt - 33 percent efficient power
plant. - : : C '



58

Then using 4-inch pipe on a 20 inch by 20 inch spacing, 12,000 acres
would be required to handle the heat load from a 1000 megawatt plant
when Ti"m 100°F and Tl = 90°F. TIf the design suggested by Plummer
(1974) is used and 2-inch ﬁibe are buried 12 inches deep and spaced

24 inches a?art, 11,000 acres would be needed during the hot summer
months (14,500 acres would be needed if surface and subsurface irriga-
tion is not used). This amounts to 11 acres per megawatt and is nearly
4 times as much as the 3 acres per megawatt ca%pulated by Plummer. . The
‘reason for this large difference can be traced to the surface tempera-
tures used in Plummer's analysis. For example he used a surface temper-
ature of 75.6°F for July when the range in water temperature was from
Ti = 126°F to Ti = 108°F. While these surface temperatures may be ac-
curate for cooler climates, they are too low for the Southeast. Effec-
tive surface temperatures in North Carolina during the hottest periods
were 80-84°F when Ti = 100°F. They would have been higher if the water
temperature had been raised to 125°F.

Plummer (1974) has conducted a thorough and very excellent econo-
mic analysis of a soil warming system. Based on the projected land
requirement of 4500 acres for a 1500 megawatt plant, he concluded thaf
total cost of soil warming would be less than for dry cooling towers
and approxiﬁately 40 percent more than wet cooling towers. From the
data and calculations presented in this study the land area required
will be nearly a factor of 4 greater than in Plummer's‘analysis. There-
fore it must be concluded that soil warming éystems will not be economi-

cally competitive with conventional methods in the Southeast at the

present time. From the standpoint of . resource conservation, however,
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there are numerous benefits associated with using the waste heat rather
than dumping it té the environment. The basic problem is that prohibitive
acreages of land are required during hot seasons of the year when little
benefit can be obtained from soil warming. In cool seasons when soil
warming would provide the most benefit, considerably less land area

will be needed to handle the power plant cooling load. Therefore a
possible alternative is to use soil warming in combina;ion with other
beneficial uses and conventional cooling processes.

If Boersma's (1970) suggestion of using soil warming in combination
with other beneficial uses is followed, or if it is used in combination
with conventional cooling processes, considerably less land area would
be needed. The area required to reduce the temperature by 5, 10, 15 and
20°F from an initial temperature of 100°F is plotted in Figure 21 for a
flowrate of 660,000 gpm. When AT=20°F the given flowrate will handle
the waste heat from a 1000 megawatt power plant. Therefore an 8000
acre soil warming system with 4-inch dlameter pipeg placed 20 inches
deep and 20 inches apart could skim off or reduce.fhe temperature of
the spent cooling water from 100°F to 90°F during the hottest period of
the year (TS = 84°F). The water would then be routed ;o other uses or
to cooling lakes or towers to lower its temperature to 80°F before re-
cycled to the power plant. When the mean soil surface temperaturé is
less than 65°E the soil warming system could handle the entire cooling
‘load alone. Approximétely 4000 acres could be Warmed during the coldest

period of the'year using this system.
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Figure 21. Area required to cool 100°F water from a 1000 megawatt power
' plant by 5, 10, 15, and 20°F for a constant flowrate of 660,000 gpm.
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By using low volume sprinkler irrigation in combination with sub-
surface irrigation the surface temperature during the hottest perisd of
the year can be lowered to approximétely 80°F. Then a 6000 acre system
(4-inch diameter pipes) c0uld be qged to redﬁce the temperature of the
spent cooling waters from 100 to 90°F. This system would handle the
entire cooling load when the mean surface temperature dropped below 58°F
and could be used to warm about 3800 acres during the winter months in
North Carolina.

In order to more accurately characterize heat transfer from soil
warming systems a model that will consider the diurnal fluctuation of
the soil surface temperature as well as the influences of soill warming
on the surféce temperature is needed. However, the model presented
by Kendricks and Havens (1973) can be usea in combination with the
experimeﬁtai data presented in this study to characterize the perfor-

mance of soil warming systems for similar soils and climatic conditionms.

Crop Response

_Cabbage

Cabbage plaht%ng was late :in 1971 (November 2), thus, plants
were nqt as well established as is normal during the fall. Due to this
late planfing, plants’did not mature. The influence of soil warming on
sevefél growth parameters iszreported in Table 5. §Soil warming increased

the number of
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Table 5. . Cabbage leaf number, leaf and total, plant fresh and dry weight as
influenced by soil warming at 4 dates during the fall of 1971,

Indicated plant growth parameter per plaﬁt and days
after planting

13 22 37 58

leaf number

No soil warming 4.7 5.0 7.1 8.6
S50il warming 5.1 6.2 8. 13.0
P .05 ns * * *
Leaf fresh weight
No soil warming 3.6 3.2 4.8 ' 2.2
Soil warming 4.1 4.0 7.2 1.1
P .05 ns % % *
Leaf dry weight (g)
No soil warming .62 45 .64 .31
Soil warming b5 .54 .89 1.42
P .05 ns * * %*
Plant fresh weight (g)
No soil warming - 5.2 4,6 6.3 3.3
Soil warming 5.4 5.4 8.8 13.5
P .05 ns * * *
Plant dry weight (g)
No soil warming .98 .70 .89 47
Soil warming .91 77 1.13 1.72

pps— ————. P

P .05 ns ns % *
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leaves per plant by 22 days after planting and this continued throughout the
study. Leaf fresh and dry weight were also increased after 22 days of soil
warming and by 37 days these increases were even greater. The influence of
-8% C ambient temperature on 46 days after planting was dramatically demon-
strated on 58 days after planting by an actual decrease in leaf and plant
fresh and dry weight. The decrease in fresh and dry weight is due to loss

cf leaves due to this freezing. It sﬁould be emphasized that temperatures of
this magnitude are not uncommon and can severely restrict plant growth; soil
warming offered sufficient protection and kept plants growing actively.

The growth of cabbage in 1972-73 was not affected by soil warming until
late November (Fig. 22). At this time cabbage plants which received scil
warming continued to grow rapidly while control plants tended to level off.
The decrease in plant dry weight in late January is due to sampling error
and leaf abscission due to low temperatures,

Cabbage leaf and stem growth rate when expressed as fresh or dry weight
were doubled or nearly doubled (Table 6). As seen earlier (Fig. 24) most of
this enhancement in growth rate occurred late in the season.

Plantings were made early enough in 1972 to allow plants to obtain suffi-
cient size to withstand reduced development rates in mid winter and produce a
harvestable cropo(Table 7). However, cold temperature did cause some crop
injury. The 10 best cabbage heads were selected from the respective plots
and sorted relative to the degree of low temperature injury. Soil warming
resulted in more heads .and more weight of heads in the '"10 best head' subsection
of the plot. However more of these heads were severely injured. Soil warming

increased the weight of cabbage not considered in the "10 best heads" sub-
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Fig, 22. Cabbage leaf dry weight throughout the 1972-73 season.
(H = soil warming, NH = no soil warming)
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Table 6. Cabbage leaf and stem growth rate éxpressed as accumulation of fresh
or dry Weight during 14 day intervals as influenced by soil warming

in 1972-73.,
Cabbage growth rate of indicated plant part
Weight (g/1l4 days) Stem weight (g/l4 days)
Fresh Dry Fresh . Dry
No soil warming ‘ 18.1 2,66 2.09 0.45
Soil warming : 4,37 4,83 0.89
L5D .05 12.0 1.54 1.70 0.35

Table 7. Cabbage head number and weight in the ''Ten Best" heads par plot,
remainder of the Plot and Fotal Plant as influenced by soil warming
in 1972-73 season.

Number or weight for indicated soil warming treatment

Number Weight (Kg/plot)
No soil Soil No soil Soil

Ten head sample warming warming LSD .05 warming . warming LSD .05

Slight injury 1.32 2,75 ns ,034 1.36 ns

Moderate injury .49 1.40 ns .10 ©L64 ns

Severe injury 1.66 4,25 2.60 .32 1.67 ns

Total ‘ 3.33 8.50 3.89 .84 3.69 2.00

Remainder of plot 27.3 37.50 ns 2,70 5.27 ns
8.95 ns

Total plot _ 40.6 46.0 ns 3.55
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section. Plant stand was nct affected by soil warming. Because the number
of plants was not changed’by soll warming, we can say that cold temperature

conditions did not kill cabbage plants, but did decrease their growth.

Snap Bean

As seen in Table 8 soil warming enhanced the plant stand of snap beans
when trials were seeded in early spring. But, when snap beans were seeded in
late July or August, stand was reduced or not affected respectively.

The.number of days to flowering was decreased by soil warming during the
early spring planting of 1972 (Table 9),. :H0wever, soil warming actually slowed
seedling‘emergence and reduced final stand when snap beans were plantedkin July,
1972. 8oil temperatures resulting from soil Warming were above the optimum for
germination and seedling growth.

The increased rate~of plant growth with soil warming can also be detrimentél.
As 'in the instance of spring of 1972 wheﬁ fiber content of similar sized bean
pods was increased by soil warming. - As seen in Table 9 shear press peak height
(an index of fiber content) was increased by soil Wafmiﬁg°

Whenlsnap beans were planted in relatively warm soil as in the August 1971
or late April 1974 the growth of beaﬁ plants was respectively not affected or
decreased by soil warming (Table 10). But when snap beans were seeded into
cool soil in late March 1972, plants produced more leaf aﬁd stem tissue where
soil warming was practiced.,

The yield of pods followed a similar pattern to that of plant growth
(Table 11). Soil warming resulted in an increase in pod production in March

1972 plants and a decrease in pod production in April 1974 planting.
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Table 8, Influence of soil warming on snap bean plant stand during 4 studies

Soil warming treatment Plant stand on indicated date'(numBer/plot)
8/23/71  3/29/72 7/21/72 4/21/74
No soil warming 11.4 4.6 20.1 21.5
Soil warming 13.5 19.4 23.6 _28.4
P .05 ns % - *

Table 9. The influence of soil warming on days to flower, seedling emergence
and shear press peak weight of sieve size '3' snap beans, 1972.

Seedling Shear press
Days to emergence peak
Soil warming treatment flower rating 1/ height 2/
No soil warming 55.0 4.6 35.1
Soil warming 49.6 2.9 40.9

1/ Seedling emergence rating taken 7/31/72, 10 days after seeding.
1 = no emergence
5 = 100% emergence

2/ % of full scale using 250 1b ring of a Kramer Shear press.
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Table 10. 1Influence of soil warming on snap bean yields in 5 plantings.

Weight of pods on indicated harvest date Kg/plot

Soil warming treatment 10/18/71 5/16/72 6/30/72  9/25/72 6/25/74
No soil warming 1.0 .13 1.1 .59 2.28
Soil warming _ 1.4 .61 L.4 42 1.03

.P=,05 ns * ns * %

Table 11. Snap bean leaf, stem and total pPlant fresh Weight as influenced
' by goil Warming during three ¥Years.

Weight of indicated plant part on indicated date

Kg/plot
10/5/71 5/16/72 6/25/74
Soil warming treatment Leaf stem total Leaf stem total Total
No soil warming . A4 36 .80 .09 .02 .11 2.27
Soil warming 43 .33 .76 .52 .12 .64 1.21

ofa L oe o e
~ W G W

P =.05 - ns ns ns
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Sweet Corn

Sweet corn plant height was incressed throughout the 1973 season when
soil warming was used (Table 12). More leaves were produced‘when plants
received soil warming and thease leaves éppeared’at a more rapid rate. Even
though there were more leaves on soil warmed plants theifinal internode length
was greater when plants received soll warming.

Tn both 1973 and 1974 plants receiving soil warming matured earlier,
yielded more béth as number and weight, and were more concentrated harvest
(Table 13 & 14). The weight of sweet corn was increased 67 and 73% in 1973
and 1974, respectively. While thé number of ears was increased 83 and 497%
respectively during the 2vyearsu During 1973 the quality and market accepta-

_bility of corn was much better when plants received soil warming. The mean
weight per ear was‘increased by soil warming in 19?4 but was not altered in
1973, This difference in response may be due to different cultivars being
used in the respective years,

The wéight of ears harvested during the first harvest of 1974 wés increased
by soil warming when plants were evaporative cooled (Table 15). No increase
in yield with soil warming was noted when plants were not cooled. The mean
weight of "ears harvested during the whole 1974 season was increased by evaporative

cooling (Table 16).

Sweet Potatoes

Sweet potato top growth expressed as fresh weight was increased by almost
200% with soil warming and plant top dry matter was increased 140% (Table 17).

However, the total production of storage roots was not affected by soil
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Table 12, Leaf number, plant height and mean internode length of sweet

corn plants as influenced by soil warming 197 3.

Leaf number per plant

Soil warming treatment/harvest 4-9 4-16 4-24 . 5-21 5-28
No soil warming 2.9 3.3 4.7 7.4 11.4
Soil warming 3.8 4.5 6.5 12,2 13.0
LSD (.05) 0.3 5 .6 2,4 ns
Plant height (cm)

No soil warming 5.5 4.4 6.8 35.3 48,2
' Soil warming 6.3 6.4 11.2 57.7 92,6
LSD (.05) o7 1.3 2,1 12.9 19.5

Mean internode length (cm)
No soil warming 1.89 1.36 1l.44 4L .69 4.34
Soil warming 1.68 1,40 1,71 4.98 7.33

. ns
LSD (.05) .2 ns 21 1.74




Table 13. Sweet corn ear number, total ear weight and weight per ear at 5 harvests

and the season

total as influenced by soil warming in 1973.

Weight of

No. of ears Weight
Soil warming treatment _Harvest Date per plot ears (kg/plot) per ear(g)
g&RvEST A June 14
No scil warming 8.5 1.4 169
Soil warming 57.1 7.7 133
LSD (.05) 38.9 6.9 23
HARVEST B June 18
No soil warming 24,0 3.6 151
Soil warming 27.0 3.4 125
LSD (.05) ns ns 24
HARVEST C_ June 21
No soil warming 9.6 1.3 130
Soil warming 7.3 o7 86
LSD (.05) ns N 25
HARVEST D June 25
No soil warming 3.3 .1 77
Soil warming 1.5 .3 77
LSD (.05) 1.0 ns ns
HARVEST E July 2
No soil warming 6.9 .1 81
So0il warming 3.0 ! 35
LSD (.05) 3.2 o2 19
TOTAL SEASON
No soil warming 52.3 7.1 137
Soil warming 95.9 11.9 124
% % ns

LSD (.05)
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Table 14. Sweet corn ear number, total ear weight and weight per ear at
2 harvests and the season total as influenced by soil warming

in 1974.
Harvest No. of ears Wt, of ears Weight
Soil warming treatment date per plot (Kg/plot) per ear(g)
Harvest A ' 7/3 '
No soil warming 15.1 3.0 195
Soil warming 31.3 6.9 218
LSD (.05) 7.8% 1.8% 20%
Harvest B - 7/12
No soil warming 9.9 1.6 153
Soil warming 6.0 1.1 197
LSD (.05) ' ns ns 54%
Total season
No soil warming 25,0 4.6 179
So0il warming 37.3 8.0 214
LSD .05 15.3% 3.2% 13%
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Table 15. Weight of sweet corn ears harvested July 1974 as influenced
by soil warming and evaporative ccoling.

Weight of sweet corn ears (Kg/plot)

Irrigation treatment . No soil warming Spil warming
Non irrigated 3.8 5.7
Evaporative cooling 2.2 8.0

LSD (.05) 2.6

Table 16. Total season weight per ear of sweet corn as 1nfluenced by
evaporative cooling for the 1974 season.

g/ear
Non irrigated 184
Evaporative cooling 213

LSD (.05) 13




Table 17. Sweet potatc top fresh and dry weight as influenced by
soil warming in 1974,

Fresh _ Dry .
weight weigh
per plant per plant
Soil warming treatment (Kg) (g)
No soil warming .77 117
Soil warming 2,12 286
LSL (.05) .71 67

Table 18. Yield and percentage of several grades of sweet potatoes
as influenced by soil warming 1974,

Root weight by indicated grade (Kg) Total
Soil warming treatment Jumbo No. 1 No, 2 Canner Cull Root

No soil warming .14 3.22 3.25 1.87 2.03 10.51
Soil warming 1.06 3.65 1.73 1.37  2.55 10.35
LSD (.05) ns ns 1.20 .52 ns ns

% of total root weight by grade

Jumbe No. 1 No. 2 Canner Cull
No soil warming .86 29.20 32.19 19.07 18.67
Soil warming 7.30  35.97 17.17 14.73 24.82

LSD (.053) s ns 9.14 5.13 ns




75

warming (Table 18). When the scil was warmed there was a trend toward larger
roots which command a greater value in the market place.

The cultivar Jewel produced less foliage and roots when evaporative
cooling irrigation was used (Table 19 & 20). Copperskin Jewel was not affected
by evapofative cooling, but it did produce less foliage and total plant material
then Jewglv Use of evaporative cooling resulted in more ''canner" size roots
and a hivhernpercéntage of same, but less weight and percentage of culls. This
reduced cullage may be due to a more uniform soil water potential with cooling
irrigation, and thus reduced root cracking.

Soil warming diluted root skin color of both varieties (Table 21). Root
tissue was lighter in color, more red and more yellow when soil warming was
practiced. Further, roots were not as dry and pH was lower with soil warming.
Dry roots are preferred but high pH;s tend to make roots brown more rapidly
upon chilling.

The fact that soil warming did not adversely affect yield of sweet potato
roots and increased forage is very important in that high soil temperatures
during July makes production of many crops impractical, Presumably sweet potatb"
could be 'gtown during the hot summér months at no loss in yield potential
thus keeping the land in cultivation. The increase foliage may have practical

import since it can be used as an animal forage.

Strawberry

As seen in Fig.23strawberry leaf production was in direct relation to the amount of
heat put into the environment. Wher plants were soil warmed the production of

leaves started earlier in the season and maintained a constant rate of new
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Table 19. Fresh weight of foliage, roots and plant total for 2 sweet potato
cultivars as influenced by evaporative cooling 1974.

Foliage fresh weight

per plant (Kg)

per plant (Kg)

Root fresh weight Total fresh weight

per plant (Kg)

Copperskin Copperskin Copperskin
Irrigation treatment Jewel Jewel Jewel Jewel Jewel Jewel
Non irrigated 1.42 2.16 .87 1,06 2.29 3.22
Evaporative cooling 1,10 1,10 .81 .73 1.92 1.84
LSD .05 43 .25 .56

Table 20. Weight and percentage of total of 2 grades of sweet potatoes as

influenced by evaporative cooling 1974,

Root weight (Kg) and % of total roots by indicated grade

Canner Culls
Irrigation treatment Weight P Weight %
Non irrigated 1.27 12.6 3,09 27.3
Evaporative cooling 1.97 21,2 1.49 16.2
LSD (.05) .52 9.1
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Table 21, Several sweet potato root quality Factors as influenced by soil
warming 1974.

2/

Skin color l/ Hunter color - Root % Root

“Intensity L _a b Dry Weight pH

No soil warming 4.2 50.1 16.4 19.2 26.1 6.17
Soil warming 2.3 51.4 17.4 20.0 23,6 G.08
LSD .05 .8 1.2 .6 .5 2.0 .05

1/ Skin color intemsity: 5 = very bright
1 = extremely dull
2/ Hunter color meter values: L value indicates lightness, a value indicates
redness, b value indicates yellowness,

non
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Strawberry leaf number and shelter air temperature minima during
spring 1972 as influenced by soil warming. (H = soil warming,
NH = no soil warming, . . is mean minimum temperature for a

period.)
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Strawberry open flowers and flower buds during spring 1972
as influenced by soil warming. (H = soil warming, NH = no
soil warming.)
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leaf generation. Nom-soil warmed plants started leaf generation later
and were subject to drops in ambient temperatures. Both soil warmed. and non-
s0il warmed plants increased the rate of growth in response to a warm period
in late April.

Both flower buds and open flowers appeared earlier on plants grown with
soil warming (Fig24). However, the maximum number of flowers and buds on
plaﬁts at.any one time was not affected by soil warming., Further, soil warmed
and non-soil warmed plants stop blooming at the same time, thussrtﬁere was no
shift in total season. But soil warming did start plants flowering earlier.
This was especially true in 1974 when January was warmer than normal.

The strawberry yield by harvest and accumulation for the season are seen
in Fig 25, The plots that were soil warmed started production sooner as would
be expected from the flowering data. However, these plots also stopped. pro- -
ducing sooner. The accumulated yield was greater in soil warmed plots during
the first two (2) weeks of harvest which would have distinct economic value
but after this time non-soil warmed plots produced more berries. Part of the
reason for the reduced yield due to soil warming is certainly due to low tempera-
ture killing early flowers.

Further indication that the first flowers are being lost when soil warming
is practiced as seen in yield during 1972 and 1973 (Table 22). Scil warming
resulted in a higher percentage of berries in the small size classes, Because
the first befries produced are usually the '"large" size fruit we feel that

many of these berries were lost to frost, thus reducing yield,
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1972 STRAWBERRY SOIL WARMING
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Fig. 25. Strawberry yield by harvest and accumulated through the 1972
season as influenced by soil warming. (H = soil warming,
NH = no soil warming.)
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Fig. 26, Strawberry yield at five harvests during 1972 as influenced
by soil warming and evaporative cooling irrigation.
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Table 22. Strawberry yield of three size classes and total as influenced by
soil warming during 1972, 1973 and 1974 season.

Yield of indicated size during indicated year (g/plot)

<1:25 em 1.25-1.9 em . >1.9 cm ___ Total
‘801l warming treatment : 1972
No soil warming o7 290 925 1383
B0il warming 94 + 210 444 LI
LSD .05 ns 43 294 342
1973
No soil warming 1936 4394 4781 12729
Soil warming 1200 2594 ‘ 2332 7187
18D .05 393 924 1604 2807
1974
No soil warming 50 , 123 204 398
Soil warming 52 147 263 515

LSD .05 ns ns ns 123




82

In 1974 early spring warm temperatures hastened flowering in all plots and
equal amounts of berries were lost due to frost. Another reason for smaller

berries may be that soil warming reduced soil moisture levels which can reduce

berry size., Part of the reason forreduced yields in 1973 is alsoc found in the

fact that soil warming was practiced on these plots year round and resulted in
greater plant death, The increase in plant losses was due both to high tempera-
tﬁre iﬁ midwsummérﬂ nematode population build-up, and reduced winter hardinesgl
of plants grown with soil:warminge

Further ﬁracf that water deficiency may be in part involved in reduced
yield’isvfound in the fact that soil warming plus ifrigation plots yield’mgré
than soil warming without irrigation (Fig. 26).

Berry quality was not influenced by soil warming (Table 23)., 1In 1972
and 1973 soii warming resulted in fewer cull fruit but the percentage of. cull

fruit was not affected by soil warming. In 1974 soil warming did increase

‘both the weiglit and percentage of cull fruiﬁw Most of the cull fruit resulted

from the fruit being diseased and rotting.

The soluble solids (sugar content) of the berries was increased signifi-
cantly in 1972 by soil warmingo A similar trend occurred in 1973 and 1974,
A higher concentration of sugar may be due to reduced berry size and thus
more-conceﬁtration of sugars produced rather than a greater production of
sugdrs.,

Even though leaf and plantlet initiation occurred earlier in soil warmed
plants there was no differences in mother plant or planlet growth by July 6,

1972 (table 24).




Table 23,
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Influence of soil: warming on strawberry fruit quality as represented

by weight and percentage cull fruit;soluble solids and averag@ berry
- g8ize during 1972,

1973 and 1974

. Quality parameters during 3 indicated harvest 'seasons

Cull Fruit Soluble Average
weight - per- solids size
Soil warming treatment (g/plot) centage ()
1972 ‘
Neosoil warming 71 5.4 : 8.8 5.1
Soil warming 24 3.2 6.4 4.3
LSD .05 20 ns 0.6 0.5
1973
.No soil warming 1647 13.4 7.0 5.9
w:8oll warming 1061 14.4 7.5 4.1
. L8D .05 349 ns ns -
1974
-No: soil warming 21 6.0 8.1 5.3
Soil warming 53 10.9 8.6 5,3
LSD .05 14 2.6 ns ns
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Table 24, The influence of soil warming on first year strawberry plant
growth by July 6, 1972,

Growth Parameter Soil warming No soil warming. LSD (05)
Mother plant % dry weight (g) 8.9 10.0 ns
% Dry weight (g) 37 33! ns
Plantlet dry weight (g) 1.3 1.4 ns
Plantlet no. 6 10 ns
Total fresh weight (g) 36 527 ns




Slicing Cucumber

The season total yields by grade of slicing cucumbers as influence by
soil warming during 1973 and 1974 are reported in Table 25. Soil Wafming
did alter the yield of slicing cucumbers expressed as either number or weight
regardless of the grade. Thus it appears that slicing cucumbers can be used
a3 a later summer crop when soil warming is practiced since they are not

retarded in yield potential by soil warming.

o

Crop Microclimate Studies

Year round soil warming alte%s the crop microclimate in many ways in
addition to increasing soil temperature. Temperature may be increased in the
plant or the air within the canopy in addition to the soil, Plant and soil
water potential may be changed and are usually decreased due to increased evapo-
transpiratipn‘caused by soil warming. These changes in microclimate can be

beneficial or detrimental dependent upon the season and the crop.

Cucumber Microclimate

On a cool day in September cucumber leaves that were grown on.warmed soil
were warmer than control leaves early in the day (Table 26). Leaves from
warmed plants reached their daily maximum earlier in the day than control leaves.
Leaves on plants which received soil warming and evaporative éooling irrigation
were cooler than both control leaves and leaves from plants that were soil
warmed only while water was being applied. On another day when shelter air
temperatures reached 28.0° leaves from plants grown in warmed soil did not get
as hot as control plant leaves (Table 26). Evaporative cooling irrigation did

cool leaves during the time it operated.
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Table 25. Yield of slicing cucumbers by grade during 1973 and 1974 as influenced
by soil warming.

1973 ‘ 1974

No soil Soil No soil Soil
Yield by indicated grade warming warming LSD .05 warming . warming
Soil warming treatment
Cucumber grade per plot
Fancy number 47.5 41.3 ns 8.9 10.9
Fancy weight (kg) - 12.0 9.6 ns 2,1 - 2.6
UsS No. 1 number 27.9 25.0 ns 12.8 12.0
US No. 1 weight 6.5 5.3 ns 3.2 3.2
US No. Z mumber 36.5 34.6 ns 13.5 15.0
US No. 2 weight 8.8 7.9 ns 3.9 3.7
Marketable number 111.9 100.9 ns 35.2 37.9
Marketable weight 27.2 22.8 ns 9.2 9.3
Culls number ' - 98,0 111,10 ns 7.6 13.2
Cull weight 18.1 18.7 ns 1.3 2.6
Total number : ~209.9 212.0 ‘ns - 42.8" 51,1
Total weight 45.4 41.4 ns 10.5 12.0
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Table 26. Air temperature, leaf temperature, and leaf water potential of
cucumber leaves as influenced by soil warming during 2 days.

Air temp.
of control Leaf temperature 0C Leaf water potential (bats)

Date & 30 cm Soil Mist&Soil Soil Mist&Seil

Time heightoc Control Warming Warming Control Warming Warming

9/19/73

8:30 16.3 14.7 16,3 16.0 -7.1 9.2 -5.7
10:00 17.2 17.3 18.7 18.7 -3.0 -8.0 -2.6
12:30 19.7 22.3 23.0 21,7 - - -
14:00 21.4 23.3 22.7 25.7 -1.4 -4.8 -7.0
15:30 19,7 24.0 20,7 20.3 -3.0 ~7.1 -6.8
16:30 22.2 24.3 22.7 - 22.6 -3.4 -7.3 4.6
9/20/73 : .

8:30 18.6 16.7 17.3 16.7 -3.0 ~4.6 -2.5
10:00 ' 23.6 24,7 25.0 18.3 -5.6  -7.0 -2.5
1i:30 23.0 27.0 25.6 26.0 -7.1 -5.2 -4,3
13:00 26,0 24.3 26.3 24.7 -3.6 -6,1 -3.8

14:30 28.0 29.7 26.0 27.0 -3.9 -3.9 -3.8
16:00 . 27.2 32,7 26.3 29.0 - - -
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In general the water potential of control piants decreased more on 9/20/73
than the coolef 9/19/730: Scil warming resulted in lower élant water potential
than no soil warming; but increased soil moisture and the cooling of evaporative
cooling irrigation resulted in gieatér»plant«hydration than control when irri-
gation and soil warming were practiced together. |

Cabbage Microclimate

Cabbage canopy air temperatures at 4 levels énd plant temperatﬁres at 3
1e§els’are reported fof two 7-day periods in Table 27. During the period
December 20-27, 1972, mean daily air temperature decreased gradually. ‘Mean
daily. air tempevature in the control canopy either increased witﬁ increase in
altitude or remained counstant. However, when soil warming was practiced air
temperature in the canopy was highest, near the soil surface and decreasedwith
altitude and ranged from 0.4-4.0°C, greater than control canopy dépending on
the day and canopy level. Ieaves near the soil surface (2 cm) slightly warmer
than the air when soil warming was practiced and slightiy cooler than the air

when plots were not soil warmed. |

Leaves in the upper part of the canopy were generally slightly warmer than
the air in soil warmed plots. The temperature inside the head was slightly
less than the air temperature when soil warming was practiced. .

During the period January 6-12, 1973, a cold. .front moved over the study
site with a rapid cooling trend evident from January 6-8 and gradual rewarming
throughout the remainder of the observation period.

Air temperature within the canopy ipcreased with‘altitude in both plots
during their cooler period, but soil warming increased air température up to

4,3°C, Leaf temperature at 2 cm level was 2.2-6.1°C higher with soil warming




Table 27, Mean, maximum and minimum cabbage canopy air temperature and plant temperature
averaged over two 7 day periods as influenced by soil warming.

L Mean temperature °C
December 20-27, 1972 . January 6~-12, 1973

Temperature Maximum Minimum Maximum Minimum
indicated No soil Soil No soil Soil No soil Soil No soil Soil
level ‘ warming warming warming warming warming warming warming warming
Adr
5.¢em 11.2 12.8 6.8 9.5 -.1 3.5 ~1.5 1.6
10 em 11.4 12.4 6.6 7.7 .1 o7 =1,2 4.2
20 cm 11.7 12.5 6.3 7.2 -5 .6 ©=5.9 ~5.4
30 em 11.7 12.5 6.5 7.3 -.13 .3 -5.9 -l 8
Mean Air 11,6 12.5 6.5 8.0 -4 9 =3.6 -3,2
Leaf
2 10,1 12.2 6.3 13,0 -8 6.7 <8 3.8
15(head) - 11.6 - 5.4 - 1.6 - -3,7
20 11,0 13.8 6.1 11.1 -.1 5.9 -2,0 4.8
Mean leaf 10.5 14.8 6..2 10.6 4 5.1 -1.7 1.7
0 - b b -

Shelter (120 em)9.5 - 5.2 - 10.
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than in the control plants. Leaves at 20 cm were slightly warmer (0-111.,9°C)
than air presumably due to greater heat capacity of plant tissue and a greater
gradient between the warm soil and the cooled air mass over it. Cabbage heads

were warmer than air around them. Soil warming increased mean daily head

temperature (O~2°SOC) under these cooler conditions.

The mean maximum and minimum temperature for the air at 4 levels in the
crop canopy and plant temperature at 3 locations in the canopy during two 7-
day pefiods are reported in Table 28. During the period December 20-27 maximum
air temperature in the canopy increased and minimum decressed with altitude in

the control plots, while both maximum and minimum air temperatures decreased

- with altitude when soil warming was practicedg During the cooler period of

January 6-12, both maximum and minimum canopy air temperature decreased with
altitude whether the soil warmed or not.

Soil warming increased the cancpy air temperature maxima and minime during
both periods of observation. Leaf temperature at the 2 cm level was cooler than
the air in control plots during the first period of observation and warming during
second period. Soil warming resulted in warmer leaves af 2 cm than the sur-

rounding air or control leaves during both periods of observation with more

warming occuring during the January observations. The temperature of cabbage

heads from warmed soil had lower maxima and minima than the air at a similar level
during December and were slightly warmer than the air during the January obser-
Qétion period.

Standard shelter air temperatures maxima and minima were lower than those
of the canopy.

Canopy air temperature was less variable at any given level throughout a
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Table 28. Mean daily cabbage canopy air and plant temperature at 5 and 3 levels
respectively as influenced by soil warming during two 7 days periods.

Soil
warming , Temperature (°C) at indicated level above the soil cm
treatment/ | Air Leaf
date 5 10 20 30 120 2 15 20
1972
Dec., 20 4+ 10.5 9.4 9.7 9.6 - 15.3 7.7 11.0
= 6.5 1.6 8.4 9.0 12.8 5.3 - 7.0
Dec., 21 + 13.0 11.5 11.4 11.4 - 17.8 10.3 13.9
- 9.2 9.4 10.1 10.8 13.0 7.9 - 9.0
Dec., 22 + 13.4 12.3 11.8 12.1 - 18.9 11.5 14.0
- 11,0 11.0 10.9 10.9 13,6 10.1 - 10.7
Dec., 23 + 13,2 11.7 11.5 11.9 - 10 11.9 15.1
- 11.3 11.3 11.0 11.2 8.6 11,0 - 11.0
Dec, 24 + 9.1 7.7 7.5 7.7 - 14,7 7.7 10.2
- 7.7 7.4 7.2 7.3 6.9 7.4 - 7.0
bec. 26 + 9.1 7.5 7.0 7.0 - 13,0 6.9 10.2
- 6.9 6.4 6.1 6.4 4.4 6.2 - 6.1
Dec. 27 + 7.8 5.7 5.0 5.2 - 12.3 4.6 10.5
- 5,0 4.7 4,0 4,6 4.7 4.6 - 4,4
1973
Jan. 6 +~ 7.7 5.6 5.2 5.4 - 11.6 4.7 10.3
- 5.3 5,0 4,6 4.6 7.2 4.7 - 4.4
Jan, 7 + -.4 -2.6 -3,2 -3.1 - 3 -2.8 1.7
- 2.5 -3.2 -3.9 -3.9 1.4 ~2.9 - 3.2
Jan, 8 4+ 1.3 -7.0 -7.5  =7.3 - 3.6 5.1 2.8
- 4.7 -3.9 -8,1 ~8.5 -5.8 ~3.2 - 4,2
Jan. 9 + .9 -6.4 -7.3 -6.2 - 5.1 -4 .4 5.2
- 2,2 ~-1.6 -8.2 -7.5 -4.,2 .5 - 1.6
Jan, 10 +. 3.5 - -3.8 -4.,3 -3.9 - 2.5 -3.1 5.8
- .8 ~-1.0 -6,2 4,9 -4,7 .2 - =-1.5
Jan. 11 + 2.5 -1.7 -1.8 -1.3 e 6.5 «,9 6.2
- .6 -7 ~4.4 -2,7 -.0 13 - -.9
Jan. 12 + -1.4 -3,8 -3.6 -2.9 - 1.7 -3.1 1.7
- =2.,5 -3.6 -6,8 -4,8 3 -4 - «2.5
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Fig. 27. Mean air temperature at four levels above the soil surface
measured throughout the day during the period December 20-27,
1972, as influenced by soil warming. (Heated = soil warming,
non-heated = no soil warming.)
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Fig. 28, Mean leaf temperature at two levels above the soil surfaced measured
throughout the day during the period December 20-27, 1972, as
influenced by soil warming. (Heated = soil warming, non-heated =
no soil warming.) ‘ ' :
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day when soil warming was practiced (Fig. 27). The greatest change during a
day occurred at the 20 cm level regardless if soil was warmed or not. The air
in soil warmed canopies was always warmest near the surface and generally
decreased with altitude. However, air in the control canopy was warmest near
the surface only during the night and early morning. The air in the control
canopy tended warmbwith increases in altitude during the middle of the day.
As seen in Fig. 28 temperatures on both soil warmed and control plots
followed similar patterns. As height within the canopy increasgd so did
the leaf temperature of control plants and change between levels increased
as the solar radiation load increased. However, the leaves of plants which
recgived soil wérming decreased in temperature as with altitude., Leaves of

soil warmed plants were always warmer than leaves of control plants.
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APPENDIX

PICTORIAL EVIDENCE OF PLANT
RESPONSE AND MEASUREMENT TECHNIQUES




(b)

Appendix Figure 1. Cabbage plants on December 6, 1972, (a) non-soil
warmed cabbage plants (b) soil warmed cabbage plants.




(a)

Appendix Figure 2.

Non-soil warmed (a) and scil warmed (b)
plants in mid March 1972, Note flowers
soil warmed plant.

strawberry
present on












