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Approximate Analytical Solution of Soil Temperature in Soil Warming

Hirakazu Sex1 and Tomoaki Komor1

( Department of Civil Engineering, Faculty of Technology,)
Kanazawa University, Kanazawa 920, Japan

To get a theoretical basis for the dynamic characteristics of a soil warming process, an approxi-
mate solution of soil temperature at the unsteady state was derived analytically. The calculated
results of soil temperature and intensity of heat source by warm water were in good agreement
with the calculated results by the numerical solution. The time reaching the steady state esti-
‘mated here agreed well with the empirical result reported previously. The transfer function
between the intensity of heat source as an input and the soil temperature as a response, and the
transfer functions between the several disturbances and the response were evaluated from the
approximate analytical solution. These transfer functions would be useful to investigate the
dynamic behavior and an appropriate control system of the soil warming process theoretically.

Key words: Analytical solution, Soil temperature, Soil warming, Transfer function.

0= TR, (ERER, TERE, TR

1. #&

e DB IR A HERS 5 7o O IR EICD
VTR, MRICHELEE, BIERMTLICOVTHAKR
(1976) Btk CHALER T~ 5 icEIHE
STEEEMSFHRICE O NTEBY, —R, RifdN&Hi
HEMRBEOE D IcBbb, UL, EETRE<A
J0eaYEa—4—DBAREICLVEZFREOSE
HIEDSTIREIC IS > TETH Y, ZOHIEMEEEBRICH]
B9 3E058/RIrTE, MBEEoEEtE X 0EF
MBS DI L TE A BB D 5, £D7cHITIEET,
IEBREOFEN T T it &k DIZEERSEIEEL,
ThE Tic IR Bl U TE S IR BRI SR a T Lt
PEEOERIMBIAAREICT 5 EBEETHA do

HNIRAETE (3B (T 133 » K ORI EIRTE T d 545,
AR (Seki and Komori, 1990) T/RELIzL D ic, &
HOMBENT CREEAHICKITTKABEORE L

198744 848 2EARR2CTHBREER
199041888 A, 1992468128 =XH

ZREETEETIINL, 2L DEE, B=EBETvick
BIEEHENTRETH 3 D EBb 3, MEERICE
1 3 TR ORI R @VRATER), RN, 1
SRS X S, ENER EOREREICE DIEE
ZEOBEYIaL—vaYE2TH5CLREETHS
(B8 « /Ngk « )11, 1987 ; BA - /NER, 198T)s LA L, ¥
BfICE DY alb—Va YREREREZS5Z 560D
TEEEICKIITEL OBERFOBELEENICS X
56DTIRIBTVDT, TEREOHFEAILEST 5/
DORBEIIRIITITIL 510V BIERTFHIR ICKIE S
HEOYIENIEEEZTEL, 20 5%2MEBICEHES 3
fobicid, TE 3T L1 OB HOBITHSEER b
U BEEEE TENEE L,

Z T, AT, BKERARICK S ENE Y X
F LT B B TIERE O R FE L, B
oIk b, FEUBOZEHARS L, Hic,
DA R O T HEINERE OB A BT 5 1o O
B L 75 BRI A,

—129—



B X X =

2. HERAEEREL

Fig. LiT/R$ & 2 ic, REEASEUFNCKET, 1N
FBKEDREE A 5>—EF S OB IC SRR ICRE &
N5 X HISHTH I R B RIS T KA TS 5, X,
MEOEEBIEZIHLVWEDET S, HiER(Seki and
Komori, 1990) T~ 7z & 3 ic EBROTIEMEERIET
FIEKEDOHADKBZ NS, HEATREMSH
DEEARISELE R OB EARICHNTHRO TNE
{EBOPEBETH 5, X, TTTHHEBIICHER LR
B3, RENFEREH 1130kg/m®, &7k (EREHELE)
73 32.8% T, BRIBRERIPEREER (BETL
HQTMD &) TFWHREIE L IERIckiuE, 20~50
COEBEHRICHBWT, 056~0.71kcal/mhrC T
BEREBERIUD - Fo —7, TERAEP SREN
LERADKAIELREEORE T H, LBENORALL
H, s DEAMENE LT 508, BROFEEMH%
ZELTREASES:5C, BBEL60%& L, £H
LBEEANTELORALMDEH, —H,, CIBEZET— T, D
BifR % Fig. 2 D T L K KR 5 & REREL 10C~25

the region defined for the analysis

\,‘_ P surface

—-&_gg ‘E:ed pip V/
Q ”4x/ /
\\/L//

Fig. 1. Layout of the pipe arrangement of a soil
warming system.,

Fal

soil bed

0.020
[ O RH.=100%
! A RH.= 75% o
= I o RH.= 50% 7
- at
® 0.015F h,-H. = 0.000778(T,-T..) A
>
i1 “H. = ~T.)
E\ Hy~He ; 0.000530 (T,-T. A .
& Hy-He = 0.000267 (T,-T..) ,/”
% 0.010 -
g o
o
!
0,005\ -
o,
o
At
z="
00 5 10 15 20

T,-T.. [°C)

Flg 2. Relation between H,—H,, and TS—TN when
T=5C and H.,,=0.00323 kg-H,0/kg-dry
air,

COHEHHFICBVWTRAKDOZIBEEICIZIZHAIT 5 &
DEHIEED, 12771, H; DEFICKH D LEEHRD
HEXHBE R S»TIZRVDT, TCTIRS50%, 5%,
100 % DIFEZEEE L1 #-TC, LEEREESGDOT
TIRBEARICEE bEI K CRBBEHESOERE & FIkkic
EPHICEREEBENOREZICHAITE DEEXT
ELXZRVIEAS,

DEDC E0D, BENEF MUY, ROLS
THREAETET 5o

(1) BRI CHEORNYIMEIHEEIC X 5
T—ELAILHE D,

(2) BAREOHAOKERZ NS, EWKERREM
HIC—E & ATEE N5,

(3) LERMED LD LBIRIEE L, FREREK
hs, BEMGERK by, REBSHZEREK b, OT1TE
ZoNBEEEERBUICEEE T, — T, #E& L1260
ELTHEZ505,

VD EoREicED %, BESR%Figl Lot
HIEERAOBRELER, BREME, THIEGRUTO
CELiEhEn s,

oT_ 0T 8T 0<x<p/2
W—"(ax”az” (0<z<a+b> e
T=T, (z=0) (2)
oT _ . _
- a—Z_U(T 7.0 —q, (0)
(z=a+b) (3)
x0T  z2—b 0T, _ _
_K{E—x-'- R -g;*}—Up T1—1
((z—b)*+x*=R*)
(4)
2T_ (x=0) (5
0x
%Lo (x=/2) )
x
T=T, (0=0) n

7z72 L, H(2) FIMBHEANICE W TEREMICBIC X
ZHESROREBNE S HHFICENMIBEEEZ, &
DN ETIHZE—ERECRI NI DL LTEELL
SHETH B, R(2) — (1) &R (1) OFFTHIER
REB0EBHTRETHE05, bL, R<Ka, b,
1 HBIEKE DERSTEWEOK & SITHATHMH
iwhE g, BKEZEUMICRETEL B2 LB50D
T, ROBBET (x, 2, 0) 2RO LS5 ZODEEE
BT (% 2 0)&T(z 0)DIITRT T Lick D@
IR ERD B C LT E B,

—130—



B - /NER - IR 38 1 B TIRIRAE DR DR

T(x 2,0)=T,(x, 2, 0)+T;(z, 0) (8)
T, T 3E(x=0, 2=b) KAMBICHRSQ () 73
BEFRMBRLSH D, TEKE, TEOBEN0DEE
ORELAEL, T, K THEOEREN T, TEAEP LR
BT, DERNEBHE SO, RE~NEE ¢, (0) 153
BB RET AGEAOBRER TR T T, T D
B, BRKE, & MHE Table 1 DT ELREN
%, {EEOEA L, BOFHBEIIEETIH, T,
R (1T, 1971, B« /N - 4811, 1986)ickD
DT &L Eiph b,

sHREICE L, T, ORI Fig.3 DT &  EFHER
DO_LETHREICED & N7 fElfE TRAERNICELE S /- FH
BFEROBEERAE 2, T R TORRICK > TER
SNABEBETEZ o5, BENEE ShIEADE
BDAE (%0, 20) ICEET S 1 DOBFE+Q O) It LB1E
BE5,

(x—=x0)2+(2—20)2

6Q (1) ¢ 4@026-1
L dmK 6-2
THEA o0 Bp 5, Fig 3IORLIBEIR (2 HmITm

=—oco~oo, z AT n=—oco~oo) ik BREREER
ahENE, RDE ST T, DERBEB SN 5,
i -g2-
L QW) e b t—g 8-
=2 I 6—1

Mmoo n=—o00 90 4K

da
(€))
7720, RHD A, B i3,

A=1 [{ (= 2m)}

2(+b)
by

o (100

+(¢{—2n—

0,0 o

o

[ ] ] & ~— HEAT SINK
~<— HEAT SOURCE

-p 0 p 2

Fig. 3. Fictitious arrangement of heat sources and
sinks for soil bed for cultivation of plants.
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Table 2 Specifications and dimensions of the pipe arrangement

Inner diameter | Outer diameter | Depth of the pipe | Distance between | Space of the
of the pipe of the pipe from soil surface | the pipe and pipe arrangement
bottom of soil
d; d, a b ?
(m) (m) (m) (m] (m)
0.03 0.038 0.15 0.85 0.4

Table 3 Thermal physical properties of the soil bed and heat transfer coefficients

Effective thermal | Heat Capacity | Apparent density | Overall heat transfer Overall heat transfer
conductivity of of soil of soil coefficient at the soil | coefficient between
soil surface water and soil
K C, o U u,
(kcal/mhrC) (kcal/ kg C) (kg/m?®) (kcal /m? hr C) (kcal/m?hr C)
0.6 047 1130 6 40

Table 4 Operating conditions of T, T, T}

Bottom temperature | Room temperature | Water temperature
of soil bed for in a greenhouse in the pipe
cultivation
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Fig. 11. Block diagram of a soil warming system for the case of
2Z[T;—To] as an input signal.
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