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Abstract

A simulation model of a soil warming system with a compost heat extractor was proposed.
The soil warming system for the model simulation was constituted by some compost beds for heat
extraction, pipe lines for circulation of the medium water and water reservoirs. The application of
the simulation model to the practical example for warming the soil bed was investigated by the
analysis of the heat balance of the system, using some actual operating conditions. The heat balance
in the soil warming was treated analytically and systematically, taking account of the process control
of the system. The concept of the model simulation and procedure for the systematical analysis of
the heat balance in the soil warming may be of use for the planning, design and operations of the

actual soil warming system.

1. Introduction

It has been empirically proposed that the range
of the suitable soil temperature for breeding or
cultivating vegetables would be from 18 to 23°C
(Itaki, 1980), though the suitable temperature of
soil for cultivation is dependent upon the growing
stage and the species of the vegetable.

Previously, in order to estimate the temperature
profile of the soil bed around the warm water pipe.
buried in the soil, an analytical solution was
presented and it was also available to evaluate the
optimum temperature of the medium water circu-
lated in the pipe lines within the soil bed (Seki,
Komori and Kajikawa, 1986b). According to the
calculated results for several illustrative examples
of the soil warming, the optimum water tempera-
ture required to control the soil temperature in the
range of 18 to 23°C was about 30°C and the heat
flux released to the soil at the surface of the water
pipe is approximately in the range of 10—15kcal/
mhr.

For instance, when the quantity of heat 1000
keal/hr is required continuously to warm a soil bed
for cultivation, the total length of the pipe line
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buried in the soil bed will be about 100m and the
volume of a compost heat generator is approxi-
mately 5.0m3, because the rate of heat generation
possible to extract from the unit volume of the
compost is at most 200kcal/m3hr in average (Seki
and Komori, 1983, 1984a). .

Supposing that the calculated results would be
applied to a practical soil warming system with a
compost heat extractor as a heat source, these
numerical values obtained by the analytical solu-
tion may be available to decide an original planning
of the process and some dimensions of devices for
the soil warming system. However, these values
of basic data could not give details of the process
design, specifications of the device and the practi-
cal operation manuals for the soil warming.

Therefore, to get the above-mentioned detailed
data for design of the process and operation of the
actual soil warming, a simulation model of the soil
warming system with a compost heat extractor
unit was investigated by introducing a systematic
heat balance method together with the concept
of the process control.
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2. Systematic heat balance of a soil warming
system and determination of the volume
of a compost bed

A schematic representation of systematic heat
balance of the soil warming system is shown in
Fig. 1. The soil warming system consists of a warm
water reservoir for regulating the water tempera-
ture, two compost beds for the heat source, and
a pipe line unit for warming the soil bed.

Usually, the rate of heat transfer for the soil
warming is proportional to the area of the soil bed
and particularly, in the practical case of cultivation,
a large amount of heat may be required to warm
the soil bed over the wide area for a long period.
According to several experimental results (Seki and
Komori, 1985b), the rate of heat generation in a
unit volume of the compost bed is comparatively
smaller than the amount of heat for warming the
soil bed per unit time, so that the activity of the
microorganisms is decreased by the fall of tem-
perature of the compost due to the extraction of
heat.

Then, to reconcile the quantity of heat released
to the soil with the rate of heat extraction from
the compost and to maintain the activity of the
microorganisms for a fairly long period, it is
suggested that a periodical heat extraction from
one of several compost beds combined in parallel
would make a heat source sub-system most suitable
by using simultaneously some reservoirs as well.
Namely, for an operation of the heat source sub-

system, a conversion from the heat extraction to
the temperature recovery of the compost takes
place alternatively at intervals of 4,, or 6, in
composting process, and for the purpose of a stable
heat extraction, several compost beds to be
extracted the heat are switched over one by one.

Fig. 2 shows an operation cycle of the heat
extraction for the case of two compost beds.
Details of a compost bed such as the volume,
dimensions and other specifications of the compost
bed, are designed so that the amount of heat
required to warm the soil bed may be extracted
sufficiently from a single compost bed. In Fig. 2,
the range of T,—7; is a permitted temperature
limit of the compost possible to extract continu-
ously the heat generated in the compost and 6, is
a cycle time of heat extraction.

According to the pattern of the operation cycle,
as shown in Fig. 2, the extraction of heat from a
compost starts at Ty, it is continued for a period
0u: and the temperature of the compost recovers
to the previous level T4 for a time 6,, by
interrupting the heat extraction at 7.

Thus, the stable heat extraction could be
obtained by overlapping of two waves of the
operation cycle with the same period and tempera-
ture amplitude.

By the above operation method of the heat
extraction, the flow diagram of the heat balance
for the soil warming system can be drawn
schematically in Fig. 3. Therefore, the systematic
heat balance for one of the alternative system

COYPOST  BED

COYPOST  BED

RESERWOIR

SOIL BED

heat extraction part

heat accumulation part

heat release part

Fig. 1 Schematic representation of the systematic heat balance of
the soil warming system (—=: flow direction of heat by

medium fluid)
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Fig. 3 Flow diagram of the heat balance for the soil warming system

_Qd=Qg_Qa_Qe )
Qe=Qe1— ez »

and @ for the temperature recovery of the

compost is

Qu=Qg—Qa .

Now, by a suitable operation cycle shown in

Fig. 2, 0, is assumed to be equal to 6, so that
Qu for 0., may be regarded as being approximate-
ly identical with @, for 6,,. Therefore, from

(2) Eq. (1) and Eq. (3), Q. is defined by

Q=2 (Qg_Qa) . (4)

3) Supposing that @y, is the rate of heat accumu-

lation or heat dissipation of the water in the
reservoir, a heat balance for the water reservoir is
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expressed by the following equation.
Quu=Qc—Quwa—m , (5)
and Qp is
Qn=CQm1—Qms . (6)

In Eq. (5), for the case of Qu,>0, there is an
excessive heat extraction from the compost bed
and for the case of Q4,4 <0, the amount of heat
for the soil warming is lacking. In other words,
the unbalance of @, interferes with the stable
operation of the soil warming system.

In order to make the soil warming system most
suitable and stable, it is desirable to maintain at
Quu=0. Therefore, by substituting zero for Quu
in Eq. (5) and by using Eq. (4), Qg is given by

_ QuatOm

e ot Q (7)

and Q, can be also written in a form of
Qe=V:Go , (8)

where G, is equivalent to the rate of heat possible
to extract from the compost.

Supposing that the composting reactions take
place uniformly in the compost bed and the
compost bed is a rectangular prism V;/{a” long,
{a wide and a high, as shown in Fig. 4, Q, may
be expressed by

Qu=h(T'=T,) A=nh (Tm,—Ta)Zdz[C-%-lé (?1+1)j.
a

(9)
From Egs. (7), (8) and (9), V; is
Vtz[(%zi_&)"’ZaZh((Tw—-Ta)J

2h 1
/[GO_—a <?+1> (Ta,,—T,;)] . (10)

According to the experimental results obtained
in previous investigations (Seki and Komori, 1985b;

!

a

ta

2
<——Vt/(za )
V.
ot 1
Surface area A = 2a [c*z‘—aa (EH)]

Fig. 4 Dimensions of the compost bed

1986a), Eq. (9) is held to a fairly good approxi-
mation by substituting T4y for 7’. Since the
efficiency of the heat extraction from the compost
bed becomes smaller than unity (Seki and Komori,
1985b), the actual volume of the compost bed V
for the practical soil warming would be larger
than V:.

3. Mathematical treatment of the heat
transfer mechanism in the soil warming
system

In the soil warming process, the conduction and
the convection of heat are recognized to coexist
together in both compost and soil beds. Particular-
ly, for the heat extraction from the compost bed
by the medium water, since the rate of heat
extraction or the temperature of water at the
outlet of the heat extractor varies with time, it is
a difficult problem to maintain the water in the
reservoir at constant temperature without a sys-
tematic control of the flow rate or the temperature
of water.

Then, the original soil warming system shown in
Fig. 1 is improved to an appropriate system by
addition of a 2nd water reservoir, taking account
of the practical optimum operation of the soil
warming. Fig. 5 illustrates an improved soil warm-
ing system and Fig. 6 shows the flow diagram of
the heat balance for the above alternative soil
warming system. For the case of the improved
soil warming system, since Q,, in Eq. (10) includes
two terms of heat loss, Q,q4; of the 1st reservoir
and Qug; of the 2nd reservoir, Eq. (10) may be
rewritten in a form of

Qwa1+Qwa +Qs
V= [(—22) +2a°h¢ (Toy—To))

/[Go—ﬂl(—éﬂ)(nv—n)). (11)

a

The system may be divided into two sub-systems
by introducing a 2nd water reservoir, so that the
important mathematical treatment of the soil
warming would be reduced to solve the heat
transfer problem for the region of the heat source
sub-system. Then, two heat transfer problems for
the, periodical heat extraction are solved by using
suitable boundary conditions upon several assump-

tions.
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Fig. 5 Schematic representation of the systematic heat balance of an improved
soil warming system (—s: flow direction of heat by medium fluid)
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Fig. 6 Flow diagram of the heat balance for the improved soil

warming system

3.1 Solutions for the heat conduction problem of
the compost and the temperature of water in
the heat extraction process

For simplification of the problem, the following
assumptions are made.

1) Heat generation in a long core of the compost

is uniform and heat is produced apparently at a

constant rate Go in the region 7,<r<r, available

for heat extraction.

2) Thermal physical properties of the compost

are independent of temperature.

3) Water tubes within the compost bed are

arranged in equilateral triangular pitch, and there

is approximately no flow of heat at the outside of
compost core r=r,.

4) The heat loss between equipments to the

atmosphere and the end effects due to piping

works of the system can be ignored.
5) The velocity profile relation of water in the
tube can be substituted by the average velocity.

In addition, according to the several experi-
mental and calculated results obtained in the
previous investigations (Seki and Komori, 1984b;
1985a), the temperature of the compost T in the
core region of 7;<7<r, varied slightly with the
distance of water flow z and the temperature
difference 7'l,—,,—T; was approximately constant
over the total length of the water tube, though 7
increased linearly in proportional to the distance
of water flow z.

Then, integration of 7 and T; with respect to z
gives

T 0 =T, 2,0)
7, =7 r,2,0)dz, (12)
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~ 1 lv dTl
T:(0) =1—J; Ti(z,0)dz, (13) szﬂszd—ﬁl=7m2uszﬂz T1ou—T11)
4
and by using the above equations, the temperature —hy1 Sor (T11—T2) = qlsn—hps Sps T15—Ta) .

difference T|r=r1_Tl is approximately

T|r='rl_Tl‘:':]\:|r=71—:]\:l . (14)

Thus, upon these assumptions and by using
Eq. (12) for manipulation of the analytical pro-
cedure, the conduction equation of 7 is given by
T _

*T 10T Go
= +==)+
EY; €

672 r 67 Cplo

for ri<r<r,.
(15)

Since the heat flux transferred to the water from
the compost may be constant with respect to z
approximately, by using Egs. (12), (13) and (14),
the boundary condition at r=r; is

kL _y (T-T
or

From the assumption 3), the other boundary

condition at r=7; is

at r=r; .

(16)

QZ=O at r=r,, (17)
or

and the initial condition is
T=T, at 6=0. (18)

Now, the equation of heat balance for the water
flowing in the tube of the heat extractor is

Tiou—T
" lou— 411 _ - <T|r=r1_

1) .
le Cp1Pr7i !

(19)

Supposing that the water in the reservoir is a
well-stirred fluid, the heat balance equation of
water in the 1st reservoir is

dTll
a6
—hp1Sn1 (Tll_Ta) —Qm .

Cp1 01V =7r7’,'2uCp1:01 (T1ou—T11)

(20)
The heat balance of the 2nd reservoir is expressed

as the following equation provided that T, is

approximately at constant,
Qm—hv2Sps (le_Ta)_Qm= (21)

The heat balance of water circulated in the pipe
lines of the soil bed is

Qm—qlsp=0. (22)

Substitution of Egs. (21) and (22) into Eq. (20)
gives

(23)

In the right hand side of Eq. (23), the first term is
the rate of heat extraction, the second term is the
heat loss from the 1st reservoir to the atmosphere,
the third term is the heat released to the soil bed,
and the fourth term is the heat loss from the 2nd
reservoir to the atmosphere.

The initial condition for the water in the 1st

reservoir is

T1=Ty at §=0. (24)

By applying the Laplace Transformation method
(Carslaw and Jaeger, 1959), the solution of 7 is
given by

T—Tu=B*3. f (0, 6)(8, (Ty=T1) o™

_-ae
+1{H, (Tu—Ty) +Q,+Ag85}1#
n
Hy,A 1— ~a36
O+ 46, (25)
n dﬂ

where parameters and variables in Eq. (25) are

117
=, (26)
(72_7'1)2
f=—T_ (27)
79T
V= 1 =__1_ , (28)
772_1 (7’2/7’1)_1
N N ZﬂrllcU/(Cl,zﬂmrfu) (29)
1+N/2 1+{7rrllcU/(Cﬂﬂ17rn2u)}’
B*z Bi _ U(?'z_?'l )/K . , (30)
1+ N2 1+ {mr 0 U/ (Cporimriu)}
£V /(mriu))
O=—""+7—, 31
s (7,2_,1)2 ( )
By S
v= vl i)lZ , (32)
CoprOi1mriu
Go(fz—'?' )2
Ale, (33)
- q/sh"'hszvz(le_Ta) (34)
CorPimriu '

In Eq. (25), the term f(a,, &) is expressed as
follows:
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[dﬂ{jo (dﬂf)Yl (dnuﬂz)]
—Y, (@n) ], (@p¥ny)}

(v (N*+ Hy—a,l0)—2B*0:} Z, (@n¥))’
— {2003+ VB* (Hy~dy )} Z, (@n¥)
+V,0, (N*+Hv—d263)31 (ax¥)

+v13,B* (H,~dn 65) By (dn?)

VAC D

(35)
where Z,,(x) and B, (x) are
Zm (x)___]m(x) Yl (Iﬂz)_Ym(x)jl (1772) 3 (36)
B ) =Jm )Y (x7,) =Y () Jo(x75) , (37)
and o, is a positive root of
oy (N*+H,— ., 0;) B, (dyV)
+B*(Hy~dn05) Z, (@ )=0. (38)

The average temperature T,, of the compost
core is

Tor—Tiui= J:ZZ xr (T—Ty)dr/ J;:z 2mrdr

=B* OZ_Q:lg(dn) O (Ty—T1;) =0

2
— ,~ %6

1
+{H, (Ty=T)+Qi+ A6 }$
n

1—e'a'2‘9

H; A
vg{@ _

oy pr 1)+4,6,

(39)

where the term g (a,) is

—47,@v)/{v (-1}
(v (N*+H,—ds0)—2B*6} Z, (V)
—{205a4+vB*(H,~dp 05)} Z, (@y?)
TV7,a, (N*+Hv-dnz@s) B, (dnu)
+v7,B*(H,—a; Oy) B, (&n?)

g(dn)=

(40)
On the other hand, the solution of 77y; is
_6-T e,
o V*+H) dar

-7

N* (6,
Th_Tli:a L {T(,t)—Agtle
(N*+Hy)

—0 6
N*+H,

it
(1—c "6 )y

+ (N*(Tu=Ty) —H, (T1i—T)— Q1) L

N*4,
+ N CE

65

41
N*+H, (1)

3.2 Solution of the time required to recover the
temperature of the compost core
Supposing that the temperature recovery of the
compost core starts at Tg=7y by interrupting
the heat extraction, the heat transfer problem of

the compost in the period of the temperature
recovery is reduced to a heat conduction problem
with heat generation by internal source.

As described in the previous investigation (Seki
and Komori, 1986a), it is considered that the
temperature recovery of compost bed is schemati-
cally performed in the two steps. In the first step,
inhomogeneous temperature distribution in the
compost bed is made for 0<0<86,,.,, and in a
period of the second step 6,,y, the temperature
distribution is approximately uniform and depen-
dent on time only after 0=0,,0,- Orecn is estimated
from the numerical solution of the temperature
profile of the compost bed by using the finite
difference technique.

According to the experimental results (Seki and
Komori, 1986b),
within 5hrs, and is relatively smaller than 0,es4.
Therefore,

Orecn is the maximum limit

Orec = Orecnt Orech=5+ Orecp, . (42)

0,e, is estimated from the analytical solution of
the average temperature in the compost bed, and
the analytical solution is given by the following
equation.

hA
CyoV

v
0)+G°A +T,,

GoV
Tor= (Tri_Ta__hg:q—) €xp (_ 7

(43)

where 7T,; is the average temperature of the
compost at 0=0,,,. Therefore, 6,,; may be
calculated by substituting 73, for T,y in Eq. (43).

4. Considerations of the calculated results
by the computer simulation

4.1 Procedure for the computer simulation of the
soil warming

For the computer simulation of the soil warm-
ing, the important experimental results, the
analytical solutions and actual operating conditions
are used. To develop the procedure for the
computer simulation, the physical properties of
the compost and soil, some meteorological data
and the practical operational conditions of the
soil warming system must be provided initially.
Usually, since the above basic data can be estimated
by many experimental results or measured values,
the determination of these values would not be
so serious. Accordingly, the design of the heat

—195—



burried tube
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[cross sectional area = S]

Fig. 7 Arrangement of water tubes within the compost bed

source sub-system comes up as an important
problem and the following inspections are in-
structed.
(1) A stable heat extraction is closely related with
the volume of the compost core available for heat
extraction Vo which is inevitably determined
from the arrangement and specifications of the
water tube buried in the compost bed. Then, it is
desirable to estimate the diameter of the water
tube and Vg in the region of Vor/V=0.7—0.8,
assuming the arrangement of water tubes within
the compost and the base area of the compost bed
S (Fig. 7).
(2) The theoretical volume of the compost V; can
be calculated by Eq. (11). The approximate total
length of the water tube /; is obtained from V;
and S for an arbitrary average temperature of the
compost Tg. The available value of T, to
estimate the approximate value of 7, is 50°C,
taking account of the stable operation of the heat
source sub-system.
(3) 0.y is calculated from Eq. (41) by using the
approximate value of /, and substitution of 60°C
for T,, in Eq. (43) gives the value of 6,,, also.

According to the typical operation cycle for the
heat extraction, as described in Section 2, since
Opxt="0,0 » I is determined so that the relation,
f¢xt=0,,, , holds by the trial method.

Fig. 8 shows a flow chart of the calculation

( start )

\

Read physical properties, atmospheric temperature
and operating conditions

lfalculate the value of VtJ

}

Calculate the number of burried tubes in compost bed
by using the base area of the compost bed S

lCalculate the initial value of lc from Vt
by using the analytical solution of

o

Calculate ere by using the numerical solution and
the analyticaf solution of Tav’ Eq. (40)

Calculate ext
T, . Eq. (387
1

No
if eezt= ere Change value of lc
Yes

Calculate V from 2

l?alculate and write .’Z"": Tav and T“ with time il

Fig. 8 Flow chart for the computer simulation of
the soil warming system
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procedure for the computer simulation of the soil
warming system. Table 1 shows the operating
conditions and specific values of several charac-
teristic parameters for the computer simulation,
thermal physical properties of the compost, soil
and medium water are listed in Table 2 and
some specifications or dimensions of main devices
constituting the soil warming system are illustrated
in Table 3.
4.2 Calculated results by the computer simulation
and evaluation of the results

In this investigation, to evaluate the calculated
results for the soil warming system, the numerical
calculations of two illustrative examples were
performed. Table 4 shows the calculated results
of Vi, I, 0o, V and V. The actual volume

Table 1
for the computer simulation

of the compost per heat source unit V is about
40% larger than Ver and Ve is fairly good
agreement with V; estimated by Eq. (11). There-
fore, it is suggested that V may be also determined
by using a criterion term V:/V instead of Vg /V
mentioned in Section 4.1 Item (1) (Inspection
Item (1)).

The heat balance for the soil warming system of
Run 1 is shown in Fig. 9 and the calculated results
of the heat balance for illustrative examples are
summarized in Table 5. These results are also
useful for evaluating the heat efficiency of the
system.

Fig. 10 shows the variation of T4 and Ty,
with time §. 7i; decreases linearly with time and
temperature difference 7,—77; is approximately

Operating conditions and specific values of several characteristic parameters

Maximum tem-— nitial water mater tempera-| Atmospheric Apparent rate|Overall heat |Inner radius J
[perature in emperature inture in 2nd temperature |of heat gene-|transfer co- [of the burrie
compost bed [Lst reservoir |reservoir ration in efficient tube in com-
compost bed post bed
Tu Tli T22 12 Go U r;
[l [°C] {°C] [°C] [kcal/n@hr] [kcal/mzhr°C] [m]
60 30 30 5 200 40 0.004
Outer radius [Effective ra- [Heat transfer | Heat transfer|Heat transfer|Volumetric Heat transfer

of the burrieddius for heat |coefficient coefficient coefficient flow rate of |rate per unit
tube in com- [xtraction water in tube |pipe length
Ipost bed
] 7y h hv% hv% v q
[m] [m] [kcal/mzhr°C] [kcal/m“hr°C]| [kcal/m“hr°C] [&/min] [kcal/mhr]
0.005 0.1 0.2 0.35 0.35 5 10

Table 2 Thermal physical properties of the compost, soil and medium water

Thermal con- Heat capacity| Apparent den-| Thermal con- |Heat capacity|Apparent den-|Heat capacity |Density of
ductivity of |of compost bed| sity of com- | quctivity of [of soil bed sity of soil |of water water
compost bed : post bed soil bed bed
K Cp o) KS Cps ps Cpl ol
[kcal/mhr°c] | [kcal/kg°C] [kg/m3] [kcal/mhre°cC] | [kcal/kg°C] [kg/m3] [kcal/kg°C] [kg/m?]
0.6 0.76 700 0.6 0.47 1130 1.0 1000

Table 3  Specifications or dimensions of main devices constituting

the soil warming system

Height of Horizontal Surface area |Surface area [Length of
compost bed |length of of 1lst of 2nd soil warming
compost bed |reservoir reservoir pipe
RN perpendicular
to the tube A s .
a ta V1 v sh
[m] (m] (m?] [m?] (m]
1 1 1 0.96 3.28 100
Y 1 2 1.60 5.21 200
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Table 4 Calculated results of Vi, /., 0, and Vg

Theoretical |Length of Cycle time of|Cycle time of [Volume of Volume of
volume of burried tube |heat extrac- |temperature compost bed compost core
compost bed in compost tion recovery in available to
bed compost bed heat extrac-
RUN v . o 9 v tion v
t c ext rec eff
(o ] (m] [hr] [hr] (m’ ] m® ]
3.3 4.15 47.5 47.5 4.15 2.9
6.2 4.1 38.5 38.5 8.2 5.9
Qa=310.5kcal/hr
-Q7-519.5kqal /hr
Qg=830kca1/hr Qual=10.3kcal/hr Qwa2=28.7kcal/hr QS=1000k031/hr
COMPOST BED 1 — q 4‘ {
Qe=1039kcal/hr Qwu=0kcal/hr
1st 2nd
@ =310.5kcal/hr Q =1028.7| @'=1000
a | RESERVOIR kcal/h RESERVOIR kcal/he SOIL BED
Qu=519.5kcal/hr
Qg=830kcal/hr
COMPOST BED 2| for Run 1
Fig. 9 Heat balance for the soil warming system of Run 1
Table 5 Calculated results of heat balance for illustrative examples
Amount of |Enthalpy |Enthalpy [Amount of [Amount of [Enthalpy [Amount of Amount of |anount of | Amount of bnount of
heat gene- [decrease increase heat loss |heat ext- [|increase inheat releas{heat flow |hea¢ re- heat flow heat re-
rated app- |in compost [in compost |[from com- |racted 1st reser- fed from lst|PY medium |1eaceq from| by medium lyoaced from|
arently in |bed per bed per post bed from com- [voir per [reservoir |[from 1St ong resery-| from 2“{5 water pipe
compost bedjunit time |unit time [to atmo- post bed [|unit time [to atmo- TEeSEIVOIr |loir to atm-| T®SEIVOIr lrg 50il bed,
per unit sphere per |per unit sphere per [t© 2nd re- locphere per| to SOil  lher unit
RUN  [time unit time [time bnit time [SeIVOir pexjunie time |bed per fiipe
unit time unit time
’
Qg % % % % Qu %a 1 % wap %n %
[kcal/hr] | [kcal/hr] [kcal/hrl|lkcal/hr] | [kcal/hr]|[kcal/hr]| [kcal/hrljlkcal/hr]| [kcal/hr]|lkcal/hr]|lkcal/hr]
1 830 519.5 | 519.5 310.5 | 1039 0 10.3 1028.7 | 28.7 1000 1000
2 1640 1031 1031 609 2062 0 16.2 2045.6 | 45.6 2000 2000
constant except the beginning of the heat extrac-
tion. Tgp also decreases linearly with time and
falls slightly at the moment when interrupting

60 60 the heat extraction, due to an instantaneous heat

Tov Tav transfer from the compost to the water filled in
the tube.

50 50r- Fig. 11 shows the temperature profile of the
_ RUN 2 compost core during both heat extraction and
%) RUN1
I 40 temperature recovery. These results of the tem-
= T Ta perature profile were obtained by Eqs. (25) and

. (43). From the above results, there is not an
o
2 . .

30t 30f excessive heat extraction from the compost and

it is suggested that the stable operation of the heat

) . 20 | source sub-system may be maintained continuously.

0 50 100 0 50 100 4.3 Heat efficiency of the soil warming system
TIME [hr] The soil warming system is a closed system.

Y Y
Fig. 10 Calculated results of T4y and Ty with The compost bed may be regarded to be a heat

time 0

generator with a biochemical reaction due to the
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HEAT EXTRACTION PERIOD

TEMPERATURE RECOVERY PERIOD

8[hr] 6(hr]
(0] 95
E‘O 5.3 60 a7
15.6 78
- 26.4 70
g %0 37.0 50 = 62
= 47.5 41:3
L 255
RUN 1 / RUN 1
| |
40 0,005 0.1 400,005 0.1
r [m] r [m]
HEAT EXTRACTION PERIOD TEMPERATURE RECOVERY PERIOD
8(hr] 8(hr]
60 9., 60 7
12.0 69
21.4 60.5
§ 29.6 52
w0 ms| 0L e
7 335
RUN 2 RUN 2
10 L 10 L
0.005 ol 0.005 Lol

Fig. 11 Calculated results of temperature profile of the compost
core during both heat extraction and temperature recovery

metabolism of micro-organisms and some others
such as reservoirs are also important mechanical
equipments taking part in performance of heat
utilization of the system, so that the heat efficiency
of the soil warming system must be investigated
by the heat balance in the system.

Supposing that the soil warming system may be
separated into two sub-systems, that is, the heat
source sub-system for heat extraction and the
heat release sub-system for warming the soil bed,
the overall heat efficiency of the system and the
partial heat efficiencies for two sub-systems can
be evaluated by the following algebraic treatment.

In the heat source sub-system, the local heat
efficiency of the heat generator is

~

Eg:Qe/an . (44

This equation means the efficiency of heat extrac-
tion from the compost bed, as described in the
previous investigation (Seki and Komori, 1986a).

From the heat balance of the system, the local
heat efficiency of the 1st water reservoir is

~

Ep=0Qm/Qe . (45

Therefore, the partial heat efficiency of the heat

source sub-system can be expressed as follows:

Eor=FEg* Ep=Qn/nQ, . (46)

On the other hand, the local heat efficiency of
the 2nd water reservoir is

Epy=Qm/Qm , (47)

and assuming that the total amount of heat
released by the water pipe as a radiator is dissi-
pated, warming the soil or releasing the heat at
the surface of the soil bed, the local heat efficiency
of the water pipe becomes to be unity, that is,

Es=Qs/Qr’n=1 . (48)

Therefore, the partial heat efficiency of the heat
release sub-system can be represented by Eq. (47).

Now, for the practical case, since the 1st water
reservoir would be installed close to the 2nd water
reservoir so as to reduce the heat loss between the
reservoirs, in the limit when the heat loss between
1st and 2nd reservoirs approaches to zero, the

overall heat efficiency may be expressed as follows:
Er=Eg* Ep* Epy=Qs/nQy . (49)

The calculated results of Eg, E,, E,, and Er for
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Table 6 Calculated results of Eg, E,, E,, and Er

Overall heat |Heat efficien-Heat efficien-Heat efficien-
efficiency cy for heat cy for lst cy for 2nd
for the sys- |generator reservoir reservoir
RUN tem
E E E E
T g r1 r2

(-1 -1 (-] [-]

0.602 0.626 0.990 0.972

0.610 0.629 0.992 0.978

two illustrative examples are summarized in
Table 6. The range of these calculated results by
the computer simulation was from an overall heat
efficiency 0.6 to 0.61. E,; and E,, depend on
the heat loss at the wall of the reservoir. E7 is
dominated mainly by the efficiency of heat
extraction from the compost, provided that the
reservoir is

thermal insulation of the water

excellent.
5. Conclusions

Mathematical treatments for the planning and
the design manuals of the soil warming system
were proposed and application of the procedure
to the practical case was investigated by the
computer simulation of two illustrative examples.
A summary of the calculated results may be
described below.

1) The soil warming for raising of seedlings or
for the cultivation of vegetables requires a very
large amount of heat energy with a low level in
temperature. In this sense, the heat generated in
the compost, which is a soft heat energy, would
be available for the soil warming, and application
of the heat extracted from the compost to the

such as a facility for raising of seedlings.

3) The overall heat efficiency would be an avail-
able index for the most suitable design as well as
evaluation of the soil warming system. In the
practical case of a small scale system, at the lowest
estimate, the overall heat efficiency of the system
above 50% may be obtained by the sufficient
thermal insulation of equipments.

4) To magnify the soil warming system and to
maintain the stable operation of the heat source
sub-system, enlargement of a compost bed size or
multiplying the compost unit is one of advan-
tageous methods, though there are several serious
problems such as some tedious works for prepara-
tions of the compost bed and the requirement of
a wide space for setting up the compost unit.

5) Introduction of a systematic process control
system appropriate for the soil warming scale is
essential to obtain the stable operation of the
system. To design a suitable process control
system for practical application, some reasonable
controlled variables and manipulated variables
should be chosen, moreover, further investigation
is necessary.

. . . Nomenclature
soil warming would reduce the running cost or
the expense of some equipments for the system. A =surface area of compost bed [m?]
2) The procedure for the computer simulation a = height of a rectangular prism of compost
and the calculated results give important inspec- bed [m]
tions for the design or the determination of details ¢, = heat capacity of compost bed [kcal/kg°C]
of equipments included in the soil warming system.  Cp = heat capacity of water [keal/kg°C]
In order to make a full scale soil warming system E.x = heat efficiency of heat source sub-system
most suitable, it is advisable that a mutual relation- [—]
ship between theory and application is investigated £, = heat efficiency of heat generator [—]
sufficiently by the results or the actual phenomena E,, = heat efficiency of 1st reservoir [—]
obtained from some preliminary experiments of a  E,; = heat efficiency of 2nd reservoir [-]
pilot scale system. However, the results and E;  =heat efficiency of water pipe [—]
observations obtained in this investigation are very =~ Er = overall heat efficiency [-]
useful to design a small scale soil warming system G, = apparent rate of heat generation in
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compost bed [kcal/m3hr]
k= heat transfer coefficient at the wall of

compost container [kcal/m?hr°C]
hyy = heat transfer coefficient at the wall of

1st reservoir [kcal/m?hr°C|
hye = heat transfer coefficient at the wall of

2nd reservoir [kcal/m?hr°C|
K = effective thermal conductivity of

compost bed [kcal/mhr°C]|
/;  =length of the tube buried in compost

bed [m]
lsn = total length of the water pipe in soil bed

[m]
n = number of tubes buried in compost bed
(-]

Q; =amount of heat loss from compost bed

to atmosphere per unit time [kcal/hr|
Q¢ = amount of enthalpy decrease in compost

bed per unit time during the heat extrac-

tion period [kcal/hr]
Q. =amount of heat extracted from compost

bed per unit time [kcal/hr]
Q; =amount of heat generated apparently in

compost bed per unit time [kcal/hr]
Q, =amount of heat exchanged by medium

between 1st and 2nd reservoirs  [kcal/hr]
Qm = amount of heat flow by medium from

1st reservoir to 2nd reservoir [kcal/hr]
Qms = amount of heat flow by medium from

2nd reservoir to 1st reservoir [kcal/hr]
Qs = amount of heat released from water

pipe to soil bed per unit time [kcal/hr)
Q. - = amount of enthalpy increase in compost

bed per unit time during the temperature

recovery period [kcal/hr)

Qus = amount of heat released from water
reservoir to atmosphere per unit time

[keal/hr]
Qua1 = amount of heat released from 1st reservoir
to atmosphere per unit time [kcal/hr|

Quaz = amount of heat released from 2nd reservoir
to atmosphere per unit time [kcal/hr]
Quu = amount of enthalpy increase in 1st

reservoir per unit time [kcal/hr]
q = amount of heat required to warm the soil

bed per unit length of the water pipe per

unit time [kcal/hr)
r = radial distance [m]
r; = inner radius of the tube buried in

compost bed [m]
7, = outer radius of the tube buried in
compost bed [m]
73 = outer radius of compost core [m]
N = cross sectional area of compost bed [m?]
S, = surface area of 1st reservoir [m?]
Sy2 = surface area of 2nd reservoir [m?]
T = temperature of compost bed [°C]
T = temperature of compost bed averaged
over the axial direction of the buried
tube [°C]
T’ = temperature of compost bed at the inside
of the compost container [°C]
T, = atmospheric temperature [°C]
T,, = average temperature of compost bed [°C]
T; = temperature of water passing through
the tube buried in compost bed [°C]
T, = average value of T} over the axial direction
of the buried tube [°C]
T1on = temperature of water at the outlet of
the buried tube [°C]
T5; = water temperature in 1st reservoir [°C]
Ti1; = water temperature in 2nd reservoir [°C]
T1; = initial temperature of water in 1st
reservoir [°C]
T, = maximum temperature of compost bed
[°C]
T; = minimum temperature of compost bed
‘ [°C]
U = overall heat transfer coefficient
[kcal/m?hr°C]|
u = average velocity of water passing through
the tube buried in compost bed [m/hr]
V' =actual volume of compost bed [m3]
Vosr = volume of compost core available to
heat extraction [m3]
V; = theoretical volume of compost bed  [m?]
V,; = volume of water in the 1st reservoir [m?]
z = distance in axial direction of the buried
tube [m]
©® = dimensionless time [—]
6 = time [hr]
6, = cycle time of heat extraction [hr]
0,0, = cycle time of temperature recovery
in compost bed [hr]
Orecn = period of 1st step for recovering
temperature of compost core [hr]
0,0, = period of 2nd step for recovering
temperature of compost core [hr]
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o = apparent density of compost bed [kg/m?]
o; = density of water [kg/m3]
£ = apparent thermal diffusivity of

compost bed [m?2 /hr]
& ' = dimensionless value of distance in

r direction [-]
¢  =dimensionless parameter of the length [—]
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