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(54) METHOD FOR CONTROLLING TEMPERATURE OF VEGETATION GROUND

(57) To enable temperature control of a vegetation
ground with higher accuracy when growth is performed
using grow lights.

The above problem is solved by a vegetation ground
temperature controlling method in which while irradiating
a vegetation ground with light of a grow light 10 from
above, a temperature of a ground surface area is con-
trolled by supplying a heating medium to a pipe laid in
the vegetation ground in an irradiation area of the grow
light 10, wherein the temperature of the ground surface
area is determined by heat conduction analysis including
weather data including outside air temperature and out-
side air humidity, and irradiation data of the grow light 10
as boundary conditions, and the heating medium sup-
plied to the pipe is controlled so that an underground
temperature of the ground surface area becomes a target
ground temperature while thermal conductivity of the
ground is taken into consideration.
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Description

Technical Field

[0001] The present invention relates to a vegetation ground temperature controlling method in a case where growing
is performed using grow lights (supplemental lighting for growth) particularly in a stadium or the like where turf is planted.

Background Art

[0002] In recent years, in soil in which turf is planted in a stadium such as, for example, a soccer stadium, a ground,
or a golf course, pipes for circulating a heating medium are embedded in the ground for the purpose of reducing an
influence on the turf due to lack of sunshine, a decrease in temperature due to seasons, a temporary decrease in
temperature due to rainfall, nighttime, or the like, or an influence of turf roughness due to various competitions, snow
cover, frost, snow removal, or the like, and an environment in which the turf is easily grown is artificially created to assist
the growth of the turf.
[0003] In this case, the accuracy of the temperature control is important since it directly affects the growth of the turf.
The present applicant has also developed a technique for achieving better temperature control (see, for example, Patent
Literature 1 to 3).
[0004] However, in recent years, grow lights may be used to promote the growth of turf, and it has been found that,
unexpectedly, the ground temperature rises due to the grow light and the accuracy of temperature control may decrease.
[0005] Fig. 9 is a result of measurement of the temperature at -30 cm of the ground by thermocouples in a shade zone
of a stadium provided with an irradiation zone and a non-irradiation zone of grow lights (sodium lamps). The temperature
in the grow light irradiation zone is higher than that in the non-irradiation zone by about 1 to 2°C, and it is expected that
the accuracy of the temperature control decreases.
[0006] Use of grow lights is indispensable for growth of turf in a modern stadium in order to overcome insufficient
sunlight due to weather or to reduce the influence of shade due to a roof of an audience seat, an openable roof, or the
like, and it is necessary to reduce adverse effects on temperature control.

Citation List

Patent Literature

[0007]

Patent Literature 1: JP 8-196140 A
Patent Literature 2: JP 10-48054 A
Patent Literature 3: JP 2002-84888 A

Summary of Invention

Technical Problem

[0008] Therefore, a main object of the present invention is to enable temperature control of a vegetation ground with
higher accuracy when growth is performed using grow lights.

Solution to Problem

[0009] A vegetation ground temperature controlling method that has solved the above problem is described below.

<First aspect>

[0010] A vegetation ground temperature controlling method in which while irradiating a vegetation ground with light of
a grow light from above, a temperature of a ground surface area is controlled by a temperature adjuster that is laid in
the vegetation ground in an irradiation area of the grow light and performs at least one of heating and cooling, wherein
the temperature of the ground surface area is determined by heat conduction analysis including weather data including
outside air temperature and outside air humidity, and irradiation data of the grow light as boundary conditions, and the
temperature adjuster is controlled so that an underground temperature of the ground surface area becomes a target
ground temperature while thermal conductivity of the ground is taken into consideration.
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(Operation and effect)

[0011] As described above, in a case where the temperature of the ground surface area is controlled by the temperature
adjuster laid in the vegetation ground in the irradiation area of the grow light, by performing the heat conduction analysis
including the irradiation data of the grow light as the boundary condition, the temperature can be measured with higher
accuracy, and thus, the temperature of the ground can be controlled with higher accuracy.

<Second aspect>

[0012] The vegetation ground temperature controlling method according to the first aspect, wherein

the weather data includes measurement data measured by an actinometer, and
while irradiating the vegetation ground with light of the grow light from above in a sunlight irradiation environment,
the temperature of the ground surface area is controlled by the temperature adjuster that is laid in the vegetation
ground in the irradiation area of the grow light.

(Operation and effect)

[0013] In an outdoor stadium, a stadium having an openable roof, or the like, under a sunlight irradiation environment,
the vegetation ground is irradiated with light of the grow light from above for the purpose of supplemental light. In such
a case, it is desirable that the heat conduction analysis be performed by including measurement data by an actinometer
in weather data.

<Third aspect>

[0014] The vegetation ground temperature controlling method according to the first or second aspect, wherein

the vegetation ground is divided into a plurality of control zones, and the temperature adjuster is independently
arranged in each control zone to enable temperature control of the ground surface area independently for each
control zone,
the vegetation ground is irradiated with light of the grow light by sequentially switching between an irradiation zone
which is irradiated with light of the grow light and a non-irradiation zone which is not irradiated with light of the grow
light within the control zone,
in the temperature control of the irradiation zone, the temperature control is performed based on the heat conduction
analysis including the irradiation data of the grow light as a boundary condition, and
in the temperature control of the non-irradiation zone, the temperature control is performed based on the heat
conduction analysis not including irradiation data of the grow light as the boundary condition or including the irradiation
data of the grow light that has been corrected to an irradiation amount smaller than an irradiation amount in the
irradiation zone as the boundary condition.

(Operation and effect)

[0015] When a large area of vegetation ground such as a stadium is irradiated with light of the grow lights, it is not
impossible to install the grow lights across the entire vegetation ground. However, in general, in consideration of efficiency
and economic efficiency, the vegetation ground is usually divided into a plurality of zones, and the irradiation zone which
is irradiated with light of the grow lights and the non-irradiation zone which is not irradiated with light of the grow lights
are sequentially switched to irradiate the vegetation ground with light of the grow lights. Therefore, in a case where the
temperature control considering the grow light is performed in such a case, as in the present aspect, it is preferable that
the irradiation data of the grow light be taken into consideration in the irradiation zone, and the irradiation data of the
grow light be not taken into consideration in the non-irradiation zone, or even if it is taken into consideration, the irradiation
data be corrected to an irradiation amount smaller than that in the irradiation zone so that the temperature control can
be performed with higher accuracy.

<Fourth aspect>

[0016] The vegetation ground temperature controlling method according to any one of the first to third aspects, wherein
the temperature adjuster supplies a heating medium in a pipe laid in the vegetation ground and performs the temperature
control of the vegetation ground by controlling the heating medium supplied to the pipe.
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Advantageous Effects of Invention

[0017] The present invention enables temperature control of a vegetation ground with higher accuracy when growth
is performed using grow lights.

Brief Description of Drawings

[0018]

Fig. 1 is a plan view of a soccer field.
Fig. 2 is a schematic view of a weather data measuring instrument unit.
Fig. 3 is a cross-sectional view of a field in which a pipe and a thermocouple are laid.
Fig. 4 is an overall control system view.
Fig. 5 is a view of a supply mode of a heating medium.
Fig. 6 is a ground structure view for explaining a method for identifying thermal conductivity.
Fig. 7 is an analysis model view.
Fig. 8 is a graph indicating a change in underground temperature (analysis value and actual measurement value)
in a field of a stadium.
Fig. 9 is a graph indicating a change in underground temperature (actual measurement value) in a field of a stadium.

Description of Embodiments

[Configuration of vegetation ground, device, and the like]

[0019] As described above, when a large area of vegetation ground such as a stadium is irradiated with light of grow
lights, it is not impossible to install the grow lights across the entire vegetation ground. However, in general, in consid-
eration of efficiency and economic efficiency, the vegetation ground is usually divided into a plurality of zones, and the
irradiation zone which is irradiated with light of the grow lights and the non-irradiation zone which is not irradiated with
light of the grow lights are sequentially switched to irradiate the vegetation ground with light of the grow lights. Thus, it
is possible to efficiently promote the growth of vegetation in the vegetation ground while reducing the number of grow
lights used. A known irradiation pattern of the grow light can be used without limitation. For example, in the case of the
soccer field illustrated in Fig. 1, the soccer field is planarly divided into three simultaneous irradiation zones (control
zones A to D, E to H, and I to L to be described later), and the change of the installation position of grow lights 10 in
Figs. 1(a) to 1(c) is repeated as one cycle (the irradiation time in each simultaneous irradiation zone is 8 hours, and a
total of 24 hours) according to an irradiation plan (timetable) shown in Table 1, so that the irradiation zone which is
irradiated with light of the grow lights 10 and the non-irradiation zone which is not irradiated with light of the grow lights
10 can be sequentially switched to irradiate the vegetation ground with light of the grow lights 10.
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[0020] As the grow lights 10, commercially available products such as those in which a large number of sodium lamps
or LED lights are attached side by side on a stand so as to face downward can be used without particular limitation.
[0021] A temperature adjuster that performs at least one of heating and cooling is laid in the vegetation ground in the
irradiation area of the grow lights 10. As the temperature adjuster, a known object such as of a heating wire type can
be used without particular limitation. However, in terms of being applicable to both heating and cooling, it is preferable
to supply the heating medium into pipes 1 laid in the vegetation ground as in the example illustrated in Fig. 3 and the
like. The ground configuration of the field is not particularly limited, but, for example, on a soccer field, as illustrated in
Fig. 3, management vehicles such as a sprinkler vehicle and a turf cutter vehicle come and go, and thus it is preferable
that in order to prevent sinking or rutting of the ground and in consideration of drainage, the ground have a three-layer
configuration including a fine sand layer 2, a coarse sand layer 3, and a gravel layer 4 from the upper layer side. The
embedment depth of the pipes 1 for circulating the heating medium is not particularly limited. However, when the pipes
1 are embedded in the vicinity of the surface layer of the ground, they can be deformed or ruptured at the time of a
surcharge load by the management vehicle or competitions such as a spear throw or a hammer throw. Therefore, it is
desirable that the pipes 1 be embedded at a safe depth of several tens cm below the ground surface. Usually, a depth
h from the ground surface to the pipe laying position can be approximately 15 to 35 cm, preferably about 25 to 30 cm.
Further, in order to heat the entire control zone as uniformly as possible, it is desirable that the pipes 1 be laid so as to
be laid in the same plane across the entire control zone. Further, it is desirable that an installation distance P of the
pipes 1 be about 15 to 60 cm in a normal case.
[0022] The heating medium (referring to both a heat medium and a refrigerant) such as hot water or cold water having
a predetermined temperature is supplied to and circulated through the pipes 1 by a heat source operation means, which
is not illustrated. As another heating medium, for example, steam, a high-temperature gas, or the like can be used as
a high-temperature heating medium, and a chlorofluorocarbon gas, brine, ammonia, or the like can be used as a low-
temperature heating medium. The temperature of the heating medium supplied to the pipes 1 gradually increases or
decreases due to heat exchange with the surrounding ground. However, the temperature of the heating medium can
be recovered to the original reference temperature by providing an auxiliary heating medium tank in which a heating
medium having a predetermined temperature is stored or providing a heating/cooling means for the heating medium
such as a heating/cooling coil in the middle of the flow paths of the laid pipes 1.
[0023] It is also possible to provide only one system of temperature adjusters for the entire field and perform temperature
control on the entire soccer field in common. However, when the vegetation ground is irradiated with light of the grow
lights 10 by sequentially switching between the irradiation zone which is irradiated with light of the grow lights 10 and
the non-irradiation zone which is not irradiated with light of the grow lights 10, the influence of the grow lights 10 varies
depending on the location of the field. Further, the influence of sunlight also varies depending on the location of the field.
Therefore, as illustrated in Fig. 1, it is preferable that the vegetation ground be divided into a plurality of control zones
A to L, and the temperature adjusters be independently arranged in the control zones A to L, so that the temperature of
the ground surface area can be independently controlled for each of the control zones A to L. Thus, the simultaneous
irradiation zone of the grow lights 10 is determined for one or more adjacent control zones, and temperature control can
be independently performed in consideration of the presence or absence of irradiation of the grow lights for each simul-
taneous irradiation zone.
[0024] Further, in the ground depth direction, underground thermometers such as thermocouples 5 may be embedded
at appropriate intervals for comparison with a calculated underground temperature and identification of the thermal
conductivity in order to improve the analysis accuracy. In this case, the number of thermocouples 5 is set to, for example,
two to three per zone corresponding to each of the zones A to L, and it is better not to embed the thermocouples 5 in a
range of several tens of cm below the ground surface (ground surface area X) in consideration of a surcharge load by
the management vehicle or competitions such as a spear throw or a hammer throw. Therefore, it is desirable that a
plurality of thermocouples 5 be embedded at the same depth position as the pipes 1 and at a deeper position at appropriate
intervals. In the illustrated example, a total of three thermocouples 5 are installed in the depth direction. Note that an
optical fiber or the like may be used instead of the thermocouple 5.
[0025] Further, weather data measuring instrument units 9A and 9B are installed on the ground on the sides of the
soccer field in order to measure various weather data. As illustrated, for example, in Fig. 2, the weather data measuring
instrument unit 9A(9B) includes an actinometer 40, an outside air thermometer 41, an outside air hygrometer 42, an
anemometer 43, an anemoscope 44, and a power source 46 attached to a pole erected on the ground, and it is desirable
that a plurality of weather data measuring instrument units be installed on the sides of the soccer field so that both a
sunlit portion and a shade portion can be measured although it depends on time. In the illustrated example, the weather
data measuring instrument units 9A and 9B are installed on one side and the other side of the field, respectively, but
the installation position is not limited thereto, but can be appropriately changed according to different conditions for each
stadium. As the weather data measuring instrument, at least two types: the outside air thermometer 41 and the outside
air hygrometer 42 are attached, and another measuring instrument is attached as necessary in relation to analysis
formulae to be described later, such as considering a solar radiation amount. Note that a rain gauge 45 can be installed
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on the ground close to the weather data measuring instrument unit 9A(9B).
[0026] The system configuration for performing the temperature control is not particularly limited, but, for example,
the system configuration illustrated in Fig. 4 can be adopted. That is, weather data measured by the weather data
measuring instrument unit 9A (9B) and measurement data by the thermocouples 5 embedded in the ground are input
to a control computer 52. Further, irradiation data (an irradiation plan and an irradiation amount) of the grow lights 10 is
input in advance to the control computer 52. Based on these pieces of information, the control computer 52 obtains the
underground temperature of the ground surface area X where the thermocouples 5 cannot be embedded by heat
conduction analysis described later, and executes optimum control calculation described later based on this calculated
underground temperature to prepare a water flow plan for each zone. Then, a controller 53 issues a command to a
control valve that controls water flow to each zone based on the water flow plan.
[0027] For example, when the temperature control in the irradiation area of the grow lights 10 is performed, the
temperature of the ground surface area is obtained by the heat conduction analysis including the weather data including
the outside air temperature and the outside air humidity and the irradiation data of the grow lights 10 as boundary
conditions, and the heating medium supplied to the pipes 1 can be controlled in consideration of the thermal conductivity
of the ground so that the underground temperature of the ground surface area becomes a target ground temperature.
In an outdoor stadium, a stadium having an openable roof, or the like, the heat conduction analysis can be performed
by including measurement data by the actinometer 40 in the weather data as necessary, for example, in a case where
the vegetation ground is irradiated with light of the grow lights 10 from above for the purpose of supplemental light under
a sunlight irradiation environment.
[0028] When the vegetation ground is irradiated with light of the grow lights 10 by sequentially switching between the
irradiation zone which is irradiated with light of the grow lights 10 and the non-irradiation zone which is not irradiated
with light of the grow lights 10, the temperature adjusters are independently installed in each zone. In the temperature
control of the irradiation zone, the temperature control can be performed based on the heat conduction analysis including
the irradiation data of the grow lights 10 as a boundary condition, and in the temperature control of the non-irradiation
zone, the temperature control can be performed based on the heat conduction analysis not including the irradiation data
of the grow lights 10 as a boundary condition (alternatively, the irradiation data of the grow lights 10 corrected to an
irradiation amount smaller than that in the irradiation zone may be included as a boundary condition). This enables
temperature control with higher accuracy.
[0029] In addition to performing the control considering the grow lights 10 in the entire time zone from the start of
irradiation to the end of irradiation of the grow lights 10, the control considering the grow lights 10 can also be performed
only in a part of the time zone from the start of irradiation to the end of irradiation of the grow lights 10. For example,
since the influence of the grow lights 10 is small until a predetermined time elapses from the start of irradiation of the
grow lights 10, the control considering the grow lights 10 is not performed, and the control considering the grow lights
10 can be performed after a lapse of a predetermined time to the end of the irradiation of the grow lights 10.
[0030] As described above, the temperature control is not particularly limited except that the temperature control is
performed in consideration of the influence of the grow lights 10, and the influence of the grow lights 10 can also be
considered in the temperature control described, for example, in Patent Literature 1 to 3.
[0031] For example, in the temperature control described in Patent Literature 3, the following is obtained when the
influence of the grow lights 10 is taken into consideration. That is, when the temperature control of the vegetation ground
is started, a virtual heat conduction analysis is executed according to the time history from the past predetermined time
to the present based on past measurement data and the irradiation data of the grow lights 10 stored in the control
computer 52, the obtained temperature of the ground surface area at the present time is set as the initial temperature
condition of the ground surface area X at the time of starting the temperature control, thereafter, the temperature of the
ground surface area X in which the thermocouples 5 are not embedded is obtained by the heat conduction analysis
using the weather data measured by the weather data measuring instrument and the irradiation data of the grow lights
10 as boundary conditions, and the heating medium supplied to the pipes 1 can be controlled in consideration of the
thermal conductivity of the ground such that the underground temperature of the ground surface area X becomes the
target ground temperature.
[0032] In this case, the measurement of the weather data by the weather data measuring instrument units 9A and 9B
is performed regularly or several days before start of the ground temperature control, specifically, two to five days before,
in addition to performing the ground temperature control, and it is necessary to store the measured weather data in the
control computer 52. Similarly, it is necessary to store the past irradiation data of the grow lights in the control computer 52.
[0033] An analysis/control method of an application example to the temperature control described in Patent Literature
3 will be described below in more detail. A person skilled in the art would be able to easily understand a change when
applying to another temperature control from the description described below.
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[Step 1]... Virtual heat conduction analysis

(Measurement of weather data)

[0034] At least several days (for example, three days) before the start of the control, various weather observation data
obtained by the weather data measuring instrument unit 9A(9B) and an underground temperature data measured by
the embedded thermocouples 5 are stored in the control computer 52.

(Virtual ground temperature calculation of the ground surface area X)

[0035] Based on the past weather data, underground temperature data, and irradiation data of the grow lights 10
stored in the control computer 52, the temperature in the ground is numerically calculated for each of the zones A to L
according to a time history from a past predetermined time (for example, three days before) to the present by using the
heat conduction analysis.

(Analysis equation)

[0036] A two-dimensional heat conduction equation is indicated in an equation (1) below.
[Math. 1] 

[0037] As the two-dimensional heat conduction equation, a basic equation of heat transfer analysis is used. Here, T
represents temperature, p, C, and κ represent density, constant pressure specific heat, and thermal conductivity of a
ground material, respectively, and q means a term of generation of heat per unit volume. In order to solve the above
equation (1), the boundary conditions described below are required.
[Math. 2] 

[Math. 3] 

[0038] Here, T^ (note; ^ is denoted immediately above) represents the temperature given at boundary Γ1 and Q^
represents the flux of heat given at boundary Γ2.
[0039] nx and ny mean components of an outward normal vector with respect to Γ2. Considering the analysis area as
illustrated in Fig. 7, nx = cos(n, x) = cos90° = 0, ny = cos(n, y) = cos0° = 1, and thus the above equation (3) becomes an
equation (4) below.
[Math. 4] 

[0040] The heat flux at the boundary Γ2 can be calculated by a heat balance equation.
[0041] A method for calculating the boundary conditions from the heat balance equation will be described below in
detail. First, the heat balance equation is indicated by an equation (5) below.
[Math. 5] 
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where Ts: ground surface temperature a: solar absorptivity TH: solar radiation amount ε: radiation emissivity AH-σTs4:
Atmospheric radiation amount αc: surface heat conductivity Ta: outside air temperature K: moisture evaporation ratio
Ca: wet specific heat of air L: latent heat of vaporization of water Xa: outside air absolute humidity Xss: absolute humidity
at saturation at ground surface temperature aGL: irradiation coefficient of grow light THGL: grow light irradiation amount
[0042] In the above equation (5), the left side represents a thermal conduction term, the first term on the right side
represents solar radiation absorption heat, the second term represents absorption heat of a grow light, the third term
represents long-wavelength radiation balance, the fourth term represents convective heat transfer, and the fifth term
represents latent heat of vaporization. In this case, for each parameter, a practical numerical value is defined by actual
measurement and existing documents. Note that, in the heat balance equation, Ts (ground surface temperature) is not
a measurement value, but a calculated temperature obtained by a previous heat conduction analysis is substituted and
calculation is performed.

(a) Solar absorptivity; a

[0043] According to an existing document, a = 0.66 for dry turf and a = 0.75 for wet turf.

(b) Solar radiation amount; TH

[0044] The solar radiation amount includes a direct solar radiation amount due to direct sunlight and a radiative sky
solar radiation amount, both of which are given as the solar radiation amount in the sun, and only the diffuse solar
radiation amount is given in the shade. Therefore, as described above, the weather observation data of a sunlit portion
and a shaded portion are selectively used by the two weather data measuring instrument units 9A and 9B.

(c) Radiation emissivity; ε

[0045] According to an existing document, ε = 0.93.

(d) Atmospheric radiation amount; AH-σTs4

[0046] According to an existing document, it is obtained by an equation (6) below.
[Math. 6] 

where t0; outside air temperature (°C), CT; total cloud cover (dimensionless number of 0 to 10 indicated in a fraction of
tenths), and x; outside air absolute humidity (g/kg). Note that for t0, an actual measurement outside air temperature is
used, and x is obtained by converting an actual measurement value measured by a hygrometer. Further, CT can be
predicted by a sunshine rate SD (sunshine time/sunlight time) according to an existing document, and is obtained by
an equation (7) below.
[Math. 7] 
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[0047] Here, Hh is solar altitude (degree). Further, since h + 1 indicates one hour later, CT is an instantaneous value
at every hour on the hour. Further, at night, linear interpolation is performed between immediately before sunset and
immediately after sunrise.

(e) Surface heat conductivity; αc

[0048] According to an existing document, it is calculated from a wind velocity Vh at an arbitrary height h by an equation
(8) below. Note that it is assumed that a wind velocity exponent is 0.25.
[Math. 8]

(f) Moisture evaporation ratio; K

[0049] According to an existing document, K: 0.1 to 0.2 (it is considered that evaporation occurs at a ratio of K in the
precipitation amount).

(g) Wet specific heat of air; Ca

[0050] According to an existing document, Ca = 0.501 kcal/kg°C in the case of water vapor, and Ca = 0.241 kcal/kg°C
in the case of air.

(h) Latent heat of vaporization of water; L

[0051] According to an existing document, L = 597.5 kcal/kg.

(i) Grow light irradiation coefficient; aGL

[0052] By setting the grow light irradiation coefficient aGL to 1 when the grow light is on (irradiation) and to 0 or a
numerical value close to 0 when the grow light is off (non-irradiation), the irradiation data of the grow light is taken into
consideration in the irradiation zone, and the irradiation data of the grow light is not taken into consideration in the non-
irradiation zone, or even if it is taken into consideration, the irradiation data of the grow light is corrected to an irradiation
amount smaller than that in the irradiation zone and taken into consideration.
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(j) Grow light irradiation amount; THGL

[0053] The grow light irradiation amount THGL can be set according to the light amount of the grow lights arranged
for each zone.
[0054] Incidentally, when solar radiation is considered in the heat balance equation of the ground surface, the degree
of influence of each parameter is in the order of solar radiation absorption heat > absorption heat of grow light > long-
wavelength radiation balance > convective heat transfer > latent heat of vaporization, and it is always necessary to
consider at least the solar radiation absorption heat, which is the first term on the right side, and the long-wavelength
radiation balance, which is the second term. However, for example, the convective heat transfer, which is the third term,
can be omitted under a condition that the influence of wind crawling on the ground is small like a stadium surrounded
by a roof. Further, when high accuracy is not required, the latent heat of vaporization, which is the fourth term, can be
ignored. Therefore, in the case of a heat balance equation in which two parameters: the solar radiation absorption heat,
which is the first term on the right side, and the long-wavelength radiation balance, which is the second term, are
considered, three items: the solar radiation amount, the outside air temperature, and the outside air humidity are sufficient
as the weather observation data. Further, in the case of an indoor stadium with little solar radiation, it is not necessary
to consider the solar radiation absorption heat, and in that case, two items: the outside air temperature and the outside
air humidity are sufficient as the weather observation data.
[0055] Note that, in the virtual heat conduction analysis, since the temperature at the position where the thermocouples
5 are embedded is known by measurement, it is possible to improve the calculation accuracy by substituting the measured
temperature into the node position on an analytical model.
[0056] On the other hand, the initial condition is given by an equation (9) below.
[Math. 9] 

[0057] By applying a usual Galerkin method to the basic equation and discretizing the variables with three-node
triangular elements, a finite element equation described below is obtained.
[Math. 10] 

[0058] Here, Mαβ, Sαβ, and Ωα (note; α and β are subscripts) indicate a mass matrix, a diffusion matrix, and a flux
vector, respectively, and Δt is a minute time increment. The Crank-Nicolson method is adopted for discretization in the
time direction.
[0059] By the above virtual heat conduction analysis, the temperature of the ground surface area X at the current time
is obtained by calculation.

[Step 2]... Heat conduction analysis

[0060] As a result of the above virtual heat conduction analysis, the obtained temperature of the ground surface area
X is set as the boundary condition of the ground surface area X at the time of start of the temperature control, and
thereafter, the temperature of the ground surface area X can be obtained by performing the heat conduction analysis
using the weather data of the actinometer, the outside air thermometer, the outside air hygrometer, and the irradiation
data of the grow lights 10 as the boundary conditions at predetermined time intervals, for example, two to three hours.
The heat conduction analysis can be performed by a calculation method similar to that of the virtual heat conduction
analysis.
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[Step 3]... Planning of water flow plan by optimum control calculation

[0061] As described above, since the ground temperature of the ground surface area X whose temperature cannot
be directly measured can be grasped by the procedure up to Step 2, as the next procedure, an adjustment plan of the
temperature adjuster, that is, a water flow plan of the heating medium supplied to the pipes 1 in this example is made
so that an attention point S (see Fig. 3; a point several cm below the ground surface where temperature management
is important for growth of turf) set in the ground surface area X becomes the target temperature.

(Control management of the heating medium)

[0062] In the present example, based on the calculation result of the ground temperature of the ground temperature
control target area described above, spatial and temporal temperature changes are grasped while considering the
thermal conductivity of the ground by, for example, a finite element method, and the ground temperature is controlled
by obtaining a pipe water flow temperature (heating medium temperature) so as to minimize the difference between the
target temperature and the calculated temperature at the attention point S. Therefore, it is possible to control the surface
area of the ground having the largest influence on the growth of turf to an appropriate temperature environment. As a
heat source supply control in this case, by alternately supplying a high-temperature heating medium and a low-temper-
ature heating medium at predetermined time intervals, the control becomes easy and practical.
[0063] In supplying the heating medium, cold water and hot water can be alternately produced for each section by a
heat pump, but as illustrated in Fig. 5, a hot water tank 30 for storing hot water on a high temperature side (a temperature)
and a cold water tank 31 for storing cold water on a low temperature side (b temperature) are separately prepared, and
the hot water tank 30 and the cold water tank 31 are switched by switching control valves 32, 33a, 33b..., so that the
hot water or the cold water having a constant temperature can be quickly and easily supplied at predetermined time
intervals without control delay. Further, it is also possible to prepare only one of the hot water tank 30 or the cold water
tank 31 depending on the seasons and perform the one-stage control. Specifically, only the cold water tank 31 is prepared
in a summertime, and the operation of supplying the cold water from the cold water tank 31 for a predetermined time
and then stopping the supply of the cold water for a while is repeatedly performed, whereby the ground is cooled when
the cold water is supplied and the ground temperature is warmed to a normal temperature by stopping the supply, and
the ground temperature in the vicinity of the ground surface can be changed in a periodic function curve shape. Conversely,
only the hot water tank 30 is prepared in a winter season, and the operation of supplying the hot water from the hot
water tank 30 for a predetermined time and then stopping the supply of the hot water for a while is repeatedly performed,
whereby the ground temperature in the vicinity of the ground surface can be changed in a periodic function curve shape.
[0064] In such hot water or cold water supply control, it is also possible to improve control responsiveness (respon-
siveness of heat exchange) by adjusting the supply amount using an inverter pump while considering a load of an
external condition.

[Identification of physical property values (thermal conductivity)]

[0065] Next, a method for identifying the thermal conductivity will be indicated. In identifying the thermal conductivity,
it is easy to collect a sample and determine the thermal conductivity by an indoor experiment, but it is difficult to say that
the thermal conductivity at the original position is accurately represented due to unevenness of the ground and uncertainty
of the water content. Further, since the thermal conductivity also changes with the water-containing state in the ground,
it is necessary to calibrate the thermal conductivity in a timely manner in order to improve the analysis accuracy.
[0066] For example, irregularly or periodically temporarily, an underground thermometer is installed in the ground
surface area X or an area in the vicinity thereof, and the actual measurement underground temperature measured by
the underground thermometer is compared with the calculated underground temperature at the position of embedment
of the underground thermometer obtained by the heat conduction analysis using the weather data measured by the
weather data measuring instrument as a boundary condition, and the thermal conductivity can be corrected so as to
reduce the residual (first method). Further, a thermal conductivity calibration thermocouple 7 is embedded in a ground
surface area other than a conditional area where the underground thermometer cannot be embedded or an area in the
vicinity thereof, specifically, in a turf area that is not damaged by competitions such as behind a goal post in the example
of a soccer field as illustrated in Fig. 1, and the actual measurement underground temperature measured by the thermal
conductivity calibration thermocouple 7 is compared with the calculated underground temperature at the position of
embedment of the underground thermometer obtained by the heat conduction analysis using the weather data measured
by the weather data measuring instrument as a boundary condition, and the thermal conductivity can be corrected so
as to reduce the residual (second method).
[0067] In identifying these thermal conductivities, the estimation of the thermal conductivity is treated as an inverse
problem, and a method of identification using a nonlinear least-squares method is used. That is, the thermal conductivity
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is obtained by minimizing the residual between the calculated value and the measurement value at the position corre-
sponding to the observation point using the time history of the temperature observed in the ground. In this case, the
Gauss-Newton method is used to minimize the residual sum of squares of the calculated value and the observation
value, i.e., the evaluation function.
[0068] As illustrated in Fig. 6, it is assumed that the ground structure includes several layers (partial areas) and the
thermal conductivity in each layer is constant. The thermal conductivity can be generally expressed in an equation (11)
below.
[Math. 11] 

[0069] Here, λ represents the number of thermal conductivity corresponding to a partial area, and n is the total number
of partial areas.
[0070] Further, the temperature at the observation point provided in the analysis area is expressed as described below.
[Math. 12] 

[0071] Here, ~ means an observation value, m indicates the number of observation points, and m indicates the total
number of observation points. Similarly, the calculated values at the nodes corresponding to the observation points 1
to m are indicated as described below.
[Math. 13] 

[0072] The evaluation function for obtaining the thermal conductivity is expressed by the residual sum of squares of
the observed temperature and the calculated value of the corresponding temperature as described below.
[Math. 14] 

[0073] Here, t0 and tf indicate a calculation start time and a calculation end time, respectively. As can be seen from
this equation, since the evaluation function is a function of thermal conductivity κλ, an optimum thermal conductivity κλ
can be obtained by minimizing the equation (14) by, for example, the Gauss-Newton method.
[0074] Further, the sensitivity matrix of each parameter is obtained by a sensitivity equation method.
[Math. 15] 
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[0075] An increment value Δκλi can be obtained by equations (16) and (17) below.
[Math. 16] 

[Math. 17] 

[0076] The thermal conductivity of each area can be obtained by the above procedure.

Example

[0077] On the field of an actual stadium having a configuration of the above-described vegetation ground, device, and
the like, the underground temperature at a depth of 5 cm below the ground surface based on the heat conduction analysis
(A) below was obtained while irradiating with light of a grow light (sodium lamp) in the pattern of Table 1, and temperature
control was performed while considering the thermal conductivity of the ground so that the underground temperature
became a target ground temperature. Further, at the same time, results of the heat conduction analysis (B) were also
obtained. Further, the thermocouple was installed at a depth of 5 cm below the ground surface, and the temperature
was actually measured.

(A) A case where the heat conduction analysis is performed every three hours using weather data of the actinometer,
the outside air thermometer, and the outside air hygrometer, and irradiation data of the grow light as boundary
conditions (analysis value: grow light taken into consideration).
(B) A case where the heat conduction analysis is performed every three hours using weather data of the actinometer,
the outside air thermometer, and the outside air hygrometer as boundary conditions without irradiation data of the
grow light as a boundary condition (analysis value: grow light not taken into consideration).

[0078] Fig. 8 illustrates graphs of a temperature analysis value by the heat conduction analysis (A), a temperature
analysis value by the heat conduction analysis (B), and an actual measurement value. As is apparent from this result,
when the influence of the grow light is not taken into consideration, the temperature analysis value is different from the
actual measurement value by about five degrees at the maximum. On the other hand, when the influence of the grow
light is taken into consideration, it is possible to obtain a temperature analysis value extremely close to the actual
measurement value. Therefore, it has been found that the temperature of the vegetation ground can be controlled with
higher accuracy by obtaining the underground temperature based on the heat conduction analysis in consideration of
the influence of the grow light and performing the temperature control while considering the thermal conductivity of the
ground so that the underground temperature becomes the target ground temperature.

Industrial Applicability

[0079] The vegetation ground temperature controlling method of the present invention is suitable for a natural turf
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ground in a sports stadium such as a soccer stadium, a baseball stadium, or a golf course, but is not limited thereto,
and can also be used for other vegetation grounds in other places.

Reference Signs List

[0080]

1 pipe
2 fine sand layer
3 coarse sand layer
4 gravel layer
5 thermocouple
7 thermal conductivity calibration thermocouple
9A, 9B weather data measuring instrument unit
10 grow light
30 hot water tank
31 cold water tank
32, 33a to 33f switching control valve
40 actinometer
41 outside air thermometer
42 outside air hygrometer
43 anemometer
44 anemoscope
45 rain gauge

Claims

1. A vegetation ground temperature controlling method, comprising:

controlling a temperature of a ground surface area by a temperature adjuster that is laid in the vegetation ground
in an irradiation area of the grow light and performs at least one of heating and cooling, while irradiating a
vegetation ground with light of a grow light from above, wherein
the temperature of the ground surface area is determined by heat conduction analysis including weather data
including outside air temperature and outside air humidity, and irradiation data of the grow light as boundary
conditions, and the temperature adjuster is controlled so that an underground temperature of the ground surface
area becomes a target ground temperature while thermal conductivity of the ground is taken into consideration.

2. The vegetation ground temperature controlling method according to claim 1, wherein

the weather data includes measurement data measured by an actinometer, and
while irradiating the vegetation ground with light of the grow light from above in a sunlight irradiation environment,
the temperature of the ground surface area is controlled by the temperature adjuster that is laid in the vegetation
ground in the irradiation area of the grow light.

3. The vegetation ground temperature controlling method according to claim 1 or 2, wherein

the vegetation ground is divided into a plurality of control zones, and the temperature adjuster is independently
arranged in each control zone to enable temperature control of the ground surface area independently for each
control zone,
the vegetation ground is irradiated with light of the grow light by sequentially switching between an irradiation
zone which is irradiated with light of the grow light and a non-irradiation zone which is not irradiated with light
of the grow light within the control zone,
in the temperature control of the irradiation zone, the temperature control is performed based on the heat
conduction analysis including the irradiation data of the grow light as a boundary condition, and
in the temperature control of the non-irradiation zone, the temperature control is performed based on the heat
conduction analysis not including irradiation data of the grow light as the boundary condition or including the
irradiation data of the grow light that has been corrected to an irradiation amount smaller than an irradiation
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amount in the irradiation zone as the boundary condition.

4. The vegetation ground temperature controlling method according to any one of claims 1 to 3, wherein
the temperature adjuster supplies a heating medium in a pipe laid in the vegetation ground and performs the
temperature control of the vegetation ground by controlling the heating medium supplied to the pipe.
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