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Abstract-The temperature distribution in soil around a network of subsurface horizontal warm water pipes 
was investigated. Computations of soil thermal conductivity revealed a linear dependence on temperature due 
to the presence ofmoisture and induced vapour diffusion within the pore space. Solutions of the temperature 
distributions around various buried pipe networks were obtained in closed forms and numerically. 
Experiments were conducted with a single buried pipe. The data showed that the present model yields better 
predictions than previous constant property models. Analyses were extended to account for effects of 
desiccation around the heated pipes. The results are applicable in horticulture for improved designs of soil 

warming networks. 

a, b 

Li, li 

CP 
d 

9 
F, Gj 

9 
h f% 
j 
J 

k 
L 

i?i 

M 
A 
n 

N 

P 
P 

ci 

ii 

Q 

r 

NOMENCLATURE 

coefficients of the thermal conductivity 
function 
dimensionless parameters defined after 
equation (15) 
specific heat 
depth of buried pipes 
mass diffusivity 
dimensionless layout function 
dimensionless functions, defined by 
equations (30) and (31) 
depoIarization factor of an ellipsoid 

specific latent heat 
mass flux 
constituent parameter, defined by equation 

(39) 
thermal conductivity 
pipe length 
mass flow rate 
total number of soil constituents 
molecular weight 
index for counting pipes 
number of influencing pipes in each 
direction 
pressure 
dimensionless function, defined after 
equation (13) 
heat flux leaving a unit length of pipe 
heat flux per unit area 
dimensionless heat flux, defined after 
equation (13) 

radial coordinate 

t Present address : Syska and Hennessy Engineers, Inc., 575 
Mission Street, San Francisco, CA 94105, U.S.A. 

R pipe radius 
l? universal gas constant 

s distance between pipes 
T temperature 

x,y,z Cartesian coordinates. 

Greek symbols (all dimensionless) 

; 

angle 
design parameter 

‘u’ parameter, defined after equation (32) 
tfr, IJ~ functions, defined after equation (32) 
0 transformed temperature, defined by 

equation (8) 
;I parameter, defined after equation (32) 

k parameter, defined after equation (18) 

; 

parameter, a/21; 
relative humidity 

II/ parameter, defined after equation (19) 

w volume fraction of a soil constituent. 

Subscripts 
a air 
abs absolute 

app apparent 
cr critical 
d dry 
f field capacity 
i interface 
i constituent 
in inlet 

.i index of functions 
1, m, n axes of ellipsoid 

P probe 
S surface 
V vapour 
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W wall 

: 
water 
parallel flow system 

1,2 counterdirectional flow system. 

Superscripts 
S saturated 

dimensionless 
dummy variable 

* transformed temperature, defined by 

equation (7). 

I. INTRODUCTION 

SOIL warming in horticulture is a method for increasing 
crop yield and growth rates [l--4]. It is an attractive 

alternative to conventional heating techniques because 
it relies on low temperature energy sources, such as 
industrial waste heat, geothermal and solar energy 
[4-61. More efficient agricultural management and 
utilization of low temperature waste heat are also 
important contributions to environmental protection. 

Energy transport in soil is generally coupled with 
mass transfer E7,S). The moisture distribution in a soil 
is affected by irrigation conditions, the soil’s physical 
properties, presence of solutions in the soil water, crop 
induced effects, gravity, hysteresis effects, and 
temperature gradients [S-12]. It is complex to 
incorporate all these variables in system design studies. 
Furthermore, the lack of data on material properties is 
a major obstacle in implementation of elaborate 
models. Consequently, models have been developed for 
idealized or limiting conditions. Among the simplifi- 
cations often used is the assumption of constant 
thermal properties [13-l 61. 

The present work was undertaken with the purpose 
of developing a useful model which would account for 
vapour transport effects. Vapour diffusion within the 
pore space is a powerful mechanism of latent heat 

energy transport. In general, the process is driven by 
temperature and moisture gradients [lo, 17, 181. 
However, inspection of studies on energy transport in 
soil around buried cables and heated pipes reveals the 
dominant role of temperature gradients [4, 19-211. 
Under steady-state conditions, moisture gradients are 
mainly important in areas where the fluxes of vapour 
and moisture are comparable in magnitude and in 
opposite directions [S, 18,221. Such conditions could 
form in the immediate vicinity of heated pipes and 
cables at temperatures well above 40°C. They are 
associated with desiccation of the soil near the heat 
source, a phenomenon which can be expected only if 
heat fluxes are excessive [S, 19, 22-J. Owing to the 
limitation it presents for soil warming, the influence of 
soil desiccation is analysed in Appendix I. 

The proposed model is concerned with the energy 
transport from a network of buried parallel pipes. 
Energy transfer is assumed to be mainly driven by 
temperature gradients at rates which depend on an 
average moisture content. This condition applies to 
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both moist soils (with relative humidity close to unity) 
and soils of low moisture content [la]. In both, 
moisture distributions and gradients are of little effect. 
Soils with desiccated zones around the pipes are 
modelled in Appendix I as two zone regions with respect 
to the local average moisture content. All of the above 
conditions are of particular importance to designers 
since they reveal limits of root zone temperatures and 
heating system capacities. Moreover, the model can be 
used to study soils with intermediate moisture contents 
when the soil properties and conditions are such that 
moisture distributions are likely to be nearly uniform 
[4,21,22-J. 

Analytical and numerical solutions describing the 
temperature field around a single pipe or netwoik of 
parallel pipes are presented. Experiments were 
conducted to test the model. Results are applicable to 
other engineering and bioengineering [23] problems 
involving surface cooling or heating by a system of 
substrate parallel pipes. 

2. PHYSICAL MODEL 

Consider a soil heated by a system of warm parallel 
pipes buried at a depth d beneath the soil surface a 
distances apart, as shown in Fig. 1. The Row ofwater in 
adjacent pipes may be either cocurrent or counter- 
current. The temperature at the soil surface and deep 
in the soil is assumed to be constant and equal to the 
average diurnal temperature. The diurnal cycle influ- 
ences the temperature of a shallow layer of soil and is 
of little effect at deeper depths [24]. Therefore, calcu- 
lated temperature distributions are in effect time 
averaged distributions. 

Conservation of energy in a soil under steady-state 
conditions with neghgible gravitational effects is 
described by 

V(k, VT) + hlg Vj, = 0, (1) 

where the vector ofthe vapourmass flow rateis given by 

j, = - DC&r - PJI L@l(RL,)l WP3, (2) 

and D is the vapour diffusivity in the pore system which 
is dependent on tortuosity, porosity, moisture content 
and temperature [lo]. The relative humidity, Cp, is 

FIG. 1. Cross-sectional view of underground soil warming 
network. 
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primarily affected by moisture content, whereas 
saturation pressure is affected by temperature. 
Therefore, expansion of the last term of equation (2) 
gives 

dp: (VT), 
WE) = 4'yvT+P:dw -!.f_ PO,, (3) 

Y 

where (VT), denotes temperature gradients in the air 
filled pores. In both moist and relatively dry soils the 
temperature gradient term is dominant [8, 12, 181. 
Therefore, analyses are often based on the simplified 
form of equation (1) assuming that moisture effects can 
be adequately represented by incorporating an average 
value of moisture content [4, 17,201 

1 = V(kVT). (4) 

The resultant apparent thermal conductivity is depen- 
dent on temperature and moisture content. The tem- 
perature sensitivity is primarily a consequence of latent 
heat transport by vapour di~usion within the pore 
space (evaporation and diffusion towards reconden- 
sation in colder regions). This intense mechanism of 
energy transfer is more progressive at higher tempera- 
tures [9]. Consequently, the overall thermal conduc- 
tivity for the combined effects of sensible and latent 
heat transfer is an increasing function of temperature. 

A method for calculating the apparent thermal 
conductivity as a function of temperature and moisture 
content is described in Appendix II. The results show 
that the thermal conductivity can be approximated by a 
linear function 

k = aT+b, (5) 

with coefficients dependent on soil properties and 
averaged moisture content. 

The temperature field in a field heated by a system of 
parallel pipes is three dimensional. Nevertheless, only 
two derivative terms of equation (4) must be retained. 
For effectively heating the soil, the heating fluid 
temperature throughout the field length should remain 
above ambient temperatures. Therefore, an order of 
magnitude comparison between the various terms of 
equation (4) reveal 

which indicates that conduction in the z-direction can 
be neglected. The nonuniformity of the soil axial 
temperature distribution results from the longitudinal 
temperature drop of the heating fluid. The equation to 
be solved is therefore 

$(kgj +$(I$) = 0. (6) 

This equation is nonlinear since it contains a 
tem~rature-de~ndent thermal conductivity. A linear 
equation can be derived following the definition of a 

new variable, which is 

I 

I 
T* = k( T’) dl”. 

T’=Cl 
(7) 

It is advantageous to nondimensionalize the equations 
by introducing the following dimensionless quantities 

B(Z, j$ Z) = (T* - T,*)/( Tz - T,*), 

x = xjd, 

Y = Y/d, 

i = z/L. 

(8) 

The resultant linear equation in terms of B is 

2 2 

g + “” = 0, 

aY2 
(9) 

with boundary conditions : 

@(go, 5) = 0, 

e(+co,ylz) = 0, 
(10) 

qx, - co, i) = 0, 

0 = O,(Z) (on the pipe wall). 

The last boundary condition couples the energy trans- 
port in the soil to the energy convected through the 
pipes. 

Thermal conductivity of pipe material and water are 
much greater than that of a soil. Therefore, negligible 
temperature gradients are expected within any cross 
section of the pipe. The pipe wall axial temperature 
distribution is obtained from an energy balance, i.e. 

&c dT, + 4 = 0, 
’ dz (11) 

4=:-R 2n kE S[ 1 ar *=a 

&. (12) 
0 

Equation (12) designates the rate of energy loss per unit 
length of pipe. In a dimensionless form, equation (11) 
appears as 

$+QP=O, 

where 

Q = QGL) = dG"E,-T:)~ 
P = P(e,) = Lk/tic,. 

The pine wall temperature is subject to the boundary 
condition 

B,(O) = 1. (14) 

The dimensionless dependence of k on 0 is obtained by 
combining equations (5), (7) and (8) which yields 

E = @?+ti)“2, (1.5) 
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E = k/b, 

3. TEMPERATURE AROUND A SINGLE 

BURIED PIPE 

The solution of equation (9) is based on the image 
technique. Solutions of a line source and a line sink are 
superimposed. The source and sink are placed at equal 
distances above and below the soil surface [24]. This 
yields the dimensionless transformed temperature field 
around a single buried pipe subject to the boundary 
conditions, equation (10) 

The lines ofconstant 0 are circular. The contour defined 
by one of these lines can be identified as the pipe wall, as 
seen in Fig. 2. For simplicity, it is assumed that the pipe 
wall temperature coincides with the temperature at 
x=Oandy=R-&Thus 

0, = Q(O,R- 1.2) = -J$ In[(2/R)-l]. (17) 

Combining equations (13), (15) and (17) gives the 
equation that describes O,(i) 

-1’2d&, 
-;2- + 2p0, = 0, (18) 

where 

/I = p/in [(2/R) - 11~ 

The solution of this equation with the boundary con- 
dition at Z = 0 is 

0, = (@(?)[coth’ (coth-’ $+fiZ)-11, (19) 

with 

$ = [1-++/@]“2. 

Equations (16), (17) and (19) constitute the solution of 

the single pipe problem. The dimensional temperatures 
can be retrieved by using equation (8) to obtain T*, and 
the integrated form of equation (7) to obtain T. 

FIG. 2. Lines of constant temperature around a single buried 
pipe. 

4. UNIDiRECTlONAl, FLOW SYSTEM 

Consideration is first directed to a system of buried 
pipes in which water is flowing cocurrently. The 
transformed dimensionless temperature field for this 
system can be constructed from the solution of the 
single buried pipe. Neglecting end field effects, the 
temperature distribution around a pipe would be 
affected only by a finite number of pipes (IV) on each 
side. Superposition of solutions for the pipe at x = 0 
gives 

B=$ !In 
1 i 

(nS+@+(l -P)f’ 

II-0 (as+ xy + (1-t j))” I 

Pi 
(?I$-$+(l-jy 

+p (ns-2X)2+(1 -tf)2 i 

-__I- 

11 ’ 
(20) 

where 5is the dimensionless distance between adjacent 
pipes (S = s/d). Furthermore, by identifying the pipe 
wall with the nearly circularisotherm that runs through 
y=f7--1,onegets 

0, = Q .f; 
2n 

where 

Substituting Q(0,) from equation (21) into equation 
(13) and solving for B,, subject to the boundary 
condition at Z = 0, yields 

0, = (6/a) [coth2 (coth- 1 $ + floZ)- 11, (22) 

where 

Bo=Pif: 

Equations (22) and (19) would have been identical if 
not for the de~nition of 8. Since &, is smaller than @, the 
pipe wall temperature ofthe unidirectional flow system 
is larger than that of a single buried pipe, as expected. 

5. COUNTERDIRECTIONAL FLOW SYSTEM 

In the counterdirectional flow system, water is 
flowing countercurrently in neighbouring pipes. At any 
?location, the temperature ofpipes containing a flow in 
one direction (group 1) would be different from the 
temperature of pipes with an opposite flow direction 
(group 2). Likewise, the local heat Ruxes leaving the two 
groups ofpipes would be different. Thus, the solution of 
the 0 field 

[(2n-l)s+x]Zc(l --j)2 _._~--T-.-..__.~. 
[(2n-l)s+X]2+(1+y)2 1 

[(2n-l)s-X]2f(l-_G)2 

[(zn-l)s-x]*i(lt~)* 
(23) 
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contains two dimensionless heat fluxes, Q1 and Q2, 
which are yet to be determined. Identifying the pipes’ 
wails with the isotherms that run at y= i? - 1 and right 
above each pipe centreline gives 

(24) 

(25) 

where 

Solving the equation for owl and BwZ and substituting 
the results in equation (13) yields a pair of coupled 
energy equations 

‘i2 do,, 
d_ + 2(81%, -&!&2) = 0, (26) 

Z 

- “* dfI,, 

with 

The boundary conditions are : 

(243 

exp (Z) + y exp [I_( 1 -Z)] 
X -_ ~__.._ 

1 + y exp 0.) 

+~{~~exp(212)+q,exp[2~(1-~)]~, (32) 

f/&) = O,,( 1-Z). (33) 

where 

y = [PI +(I: -I- P:YYB*~ 

i = 2(8: -p;,1iz, 

qI =(2~2+3y+3)~j3(1+y)C1+yexp(d)lZf. 

q2 = (3~2+3~1+2~~/~3~1 +y)[l -ti’exp@)l’j. 

The numerical solution or the asymptotic solution 
can be utilized to calculate the dimensionless heat fluxes 
of equation (23) via equations (24) and (25). 

The boundary conditions set by equations (28) and 
(29) suit a heating system with four manifolds, two on 
each side of the field. It is possible to reduce the system 
to two manifolds with a loop type Row. This would 
require connecting the pipes in pairs at the end of the 
field. The pertinent boundary condition for this 
configuration is tl,, = t),,. Owing to symmetry, the 
solution for a field of length L with the boundary 
conditions of equations (28) and (29) would apply to a 

loop type field of length L/2. 

6. RESlJLTS AND DISCUSSION 

Dimensionless pipe wall temperature distributions 
for the three heatingcon~gurations are plotted in Fig. 3. 
The results are for a heating system 1.6 cm in diameter, 
100 m long, 40 cm apart and at a depth of 40 cm. The 
inlet temperature of the heating fluid is 55’ C and the 
flow rate is 0.02 kg s- ‘. The field surface temperature is 
15°C and the thermal conductivity. in W m- ’ “C ’ 

k(T) = 0.0277T+0.323. (34) 

l.O& 1 -I 

SINGLE PIPE k(T) - 

SINGLE k = CONST -___- 

COCURRENT FLOW 
i 

---__ 

I COUNTERCURRENT 

01 0 0.2 0.4 0.6 -- 10 

Z/L 

FIG. 3. Dimensionless pipe wall temperature distributions. 



414 ABRAHAM DAYAN. ALAN H. MERBAUM and ISHAIAHU SEGAL 

The counterdirectional flow system induces a fairly 
uniform temperature distribution over a large portion 
of the field, especially when considering average 
conditions between two adjacent pipes. Therefore, this 
is the agriculturally most attractive system. The rise of 
the temperature towards 5 = 1 indicates that near the 
outlet the fluid gains heat from the two neighbouring 
pipes. For comparison, the results for a single heating 
pipe assuming a constant average thermal conduc- 
tivity, evaluated at (?_,, + x)/2, were added to the figure. 
It is seen that heating requirements as predicted by the 
constant property model, for the given conditions, are 
overpredicted by about 10%. This results from 
excessive heat dissipation around the colder section of 
the pipe, a region where the real thermal conductivity is 
lower than the average conductivity. 

Soil temperature distributions in planes of constant z 
are similar in shape to those of constant property fields 
[ 131. For a single heating pipe this can be observed in 
Fig. 4. Figure 4 also contains experimental data 
obtained from an experiment which was conducted in a 
l/4 acre greenhouse located south of Rehovot, Israel. 

In the experiment [24], a 10 m, 3 in. (12.7 mm) 
galvanized steel pipe was buried 26 cm beneath the soil 
surface. The soil consisted of 95% sand and 5% organic 
matter. A thermocouple array was assembled 8 m from 
the water inlet. Data was recorded hourly by a 20 point 
Doric automatic recorder for 92 h, beginning at 10.00 
a.m. on I4 April 1980. For the soil medium considered, 
a field capacity of 0.08, moisture content of 0.035 and 
porosity of 0.45 were assumed. The thermal 
conductivity of the sand was evaluated by the method 
described in Appendix II. Calculated values of 
conductivity and their linear representation are shown 
in Fig. 5. 

Comparison between measured and predicted 
temperatures favours the temperature dependent 
thermal conductivity model. In the vicinity of the 

DISTANCE FROM PIPE cm 

(a) (bl 

FIG. 4. Comparison of (a) constant property and (b) variable 
property models with measured data at 8 m from pipe inlet. 

T PC) 

FIG. 5. Thermal conductivity expressed as a function of 
temperature for Ramot Meir sand. 

heating pipe, isotherms of the constant conductivity 
model indicate steeper than measured temperature 
gradients. Insensitivity of the model to the local higher 
thermal conductivity is the source of the discrepancy. 

In the Iimit, results of the variable conductivity 
model reduce to those of the constant conductivity 
model [24]. A graphical design procedure to satisfy soil 
warming demands has been presented in refs. [24,25]. 
It provides a simple way to select the appropriate 
design parameters, &‘s, for given layout parameters, 
fi’s. Notice that thefiparameters designate the ability of 
a system to give up heat relative to its capacity. 

7. CONCLUDING REMARKS 

Considering the nonlinearity of the problem, the 

model presented offers a simple tool for calculating a 
three dimensional temperature distribution of a heated 
soil. By accounting for vapour transport effects, 
improved predictions of experimental data were 
obtained as compared to predictions of a widely used 
model [13]. 

The soil thermal conductivity in the low moisture 
range exhibits a strong dependence on temperature. 
This yields the greatest shift of local temperature 
distributions from conditions of constant properties 
under the same boundary conditions and moisture 
content. The present model can be used to calculate 
such extreme root zone temperatures. This also applies 
to conditions of high moisture content, where the soil is 
highly conductive and the energy fluxes are greatest. 
Calculations of a heating system capacity should be 
performed for such conditions. From theoretical 
considerations the required dependence of thermal 
conductivities on temperature can be obtained with an 
accuracy of 10%. When based on minimal experimental 
data, the accuracy is doubled. 
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APPENDIX I 

DESICCATION OF SOIL AROUND 

THE BURIED HEATED PIPE 

Early investigations related the drying ofsoil around buried 
cables to a threshold temperature ranging between 30 and 
40°C 120, 211. Recent experimental data, however, showed 
little or no moisture loss around three types of soils with a pipe 
temperature of40”C [4]. Though representing a potential for 
moisture thermal removal, one must conclude that 
temperature alone is not the criterion for soil desiccation. 
Recently published worksrelate theinitiationofdesiccation to 
the critical moisture content [S, 19,223. At moisture contents 
below the critical value, vapour permeability increases to a 
point such that vapour outflow cannot be compensated by 
capillary liquid inflow. The same theory suggests that for each 
initial moisture content and soil properties, there exists a 
critical heat flow below which desiccation could not 
commence. Under sustained heating by a constant 
temperature source the dried region would expand, however, 
at a continuously decreasing rate owing to both reduced soil 
conductivity and decreased heat flux around the dry region. 
The expansion ofdrying would cease when the heat flow at the 
periphery of the dry region drops to the critical value. The 
critical heat flux can be either calculated or measured using 
the hot probe method [S]. In the latter method the critical 
heat flux, Q,, is related to the probe linear flux 4,, simply 

by & = &S2nr, 
Experimental investigations showed that desiccated 

regions around heated cylinders are nearly annular in shape 
[4,21].Theboundarybetween thedryandmoist regionscould 
be sharp or gradual, depending on the soil texture [18-201. In 
sandy soils the boundary is well defined due to the low 
capillary tension. 

To analyse the influence of drying on the temperature field 
around a heated pipe it is assumed that the soil can be 
characterized as a medium having two regions ; one dry and 
the other moist with a suitable uniform moisture content. In 
addition, the dry region is assumed annular and concentric 
with the pipe. This is justified in view of the small heat fluxes 
involved (cl50 W m-l) which cannot thermally expel 
moisture more than a few centimetres away from the pipe [4]. 

With the lack of moisture transport effects, the dry-region 
thermal conductivity can be considered constant. The heat 
flux leaving the dry region (at the boundary) under steady- 
state conditions should be equal to the critical heat flux. From 
the solution of the energy transfer equation for conduction 
across the dry region 

ri& In z = k,(T,- T), 
0 

(35) 

where the subscript i denotes interface conditions between the 
dry and moist zones. From conductivity requirements, the 
same heat flux must cross themoist region towardsdissipation 
to the atmosphere. Thus 

T, 
riqC, In [(2d - ri)/ri] = 

s 
k(T’) dT’. (36) 

T. 

Equations (35) and (36) can be solved for T and r,. The explicit 
solution for T under conditions of 2d >> ri is obtained from the 
quadratic equation 

0.5(aTz)+(b-kd)T+[k,Tw-bT, 

-0.5(aTf)-rid,, In (2d/R)] = 0. (37) 

Knowledge of the radius and temperature of the dry-moist 
interfacepermitscalculationsoftheentire temperaturefield by 
the same technique outlined in this work. 
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The phenomenon of desiccation is undesirabie since it 
inhibits soil warming. In necessary circumstances, desiccation 
could be avoided by proper management of irrigation 
frequency, adoption of intermittent heating schedules and use 
of adequate water tables [4]. 

APPENDIX II 

THE TEMPERATURE DEPENDENT SOIL 
THERMAL CONDUCTIVITY FUNCTION 

The soil is considered as a medium which contains a 
continuous phase (liquid moisture) and a dispersion of M- 1 
constituents (solid particles and gas-filled pores). The thermal 
conductivity of the soil is given by 

(38) 

where kl is the thermal conductivity of the ith constituent, oi its 
volume fraction, and Ji the space average ratio of temperature 
gradients in the ith constituent to that of the continuum. 
Assuming that the dispersed constituents are spheroidal in 
shape and randomly oriented, Ji is described by 

where k, denotes the thermal conductivity of the continuum, I, 
m, n the spheroid axes, and gi,j geometric shape factors, equiva- 
lent to the depolarization factors in the theory of dieleo 
tries. The sum of these factors is unity, gi,l+gi,m+gi,n = 1, 
and gi,, = gi,m. They can be determined theoretically or 
experimentally 19, lo]. 

Different equations are used for the evaluation of Ji, 
depending on the soil moisture content. In the range of 
moisture content between field capacity and saturation, the 
apparent thermal conductivity of the gas filled pores is 

k app = k,+k:. (40) 

The term e is essentially the apparent thermal conductivity of 
the vapour phase due to latent heat transport. Driven by 
temperature gradients, moisture evaporation, diffusion and 
recondensation appears as a powerful mechanism of latent 
heat transfer within the pore space. The evaluation of kt is 
based on Fick’s law, applied for diffusion of saturated vapour 
[9].Intherangeofmoisturecontentbetweenwiltingpointand 
field capacity, the vapour phase cannot be considered as 
saturated. For this range, the apparent conductivity is 
approximated by 

k,,, = k, + Qlk”, = k, + 5 k;. 
wr 

(41) 

A value of 0.144 was assigned to the shape factors (gi I and 
g2,i) of the considered sand and organic solid particles, 
corresponding to spheroids with axes I= M = 4n. The shape 
factor of the gas filled pores depends on moisture content. For 
the range wf g w, $ 03, the following expression is used 

g3.1 = 0.333 - $10.333-(g,,,),,“,,]. (42) 
w 

The calculation of ga,, for desiccated conditions (w, -+ 0) is 
based on the knowledge that the particles are weakly wetted 
and gw,i = 0.144, considering the gas as a continuum. 
Assigning the thermal conductivity of water to the particles, 
one obtains a parameter J, which equals l/J,,, of the same 
medium with water as a continue [9]_ The value of y3.( that 
corresponds to .I,,, with k_, = k,+k”;andk, = k~istheshape 
factor of gas-filled pores of a nearly dry soil. The equation 
describing y3.i in the range of 0 < w, < wr is 

yj.1 = 0.013 + ~Dg~.~),,~,,-0.0131. 

The thermal conductivities of the quartz sand and organic 
particles, used in the calculation, are 8.16 and 2.93 W m-’ 
“C-t, respectively. Calculated values of the soil thermal 
conductivities are shown in Fig. 5. It is seen that these values 
can be represented fairly well by a linear function, equation 

(34). 

DISTRIBUTION DE TEMPERATURE AUTOUR DUN RESEAU DE TUBES ENTERRES, 
AVEC CONDUCTKVITE THERMIQUE FONCTION DE LA TEMPERATURE 

R&+ume-On &die la distribution de temperature dans le sol autour dun rtseau de tubes horizontaux, 
enter& et parcourus par de i’eau chaude. Des calculs de la conductivite thermique du sol rbvelent une 
dependance lineaire vis-li-vis de la temperature, due a la presence d’humidite et a ladiffusionde vapeur darts les 
pores. Des solutions du champ de temperature amour des differents rbseaux de tubes sont obtenues sont fornie 
analytiques et numeriques. Des experiences concernent un seul tube enter& Les rbsultats montrent que le 
present modele donne de meilleures predictions que les modeles anterieurs a proprietes constantes. Des 
analyses sont Ctendues pour tenir compte des effets de la dessiccation autour des tubes chauffes. Les risultats 

sont applicables en horticulture pour le calcul des reseaux performants de chauffage du sol. 

TEMPERATURVERTE~LUNG IN DER UMG~~UN~ VON ROHRGI~ERN, 
DIE IN DEN BODEN EINGEGRABEN SIND, UNTER B~R~CKSICHTIGUNG DER 

T~MPERATURABH~NGIGEN W~RMEL~ITF~HlGKEIT 

Zusammenfassung-Die Temperaturverteilung im Boden urn ein unterirdisches Netzwerk aus horizontalen 
Warmwasserleitungen wurde untersucht. Berechnungen der Warmeleitfahigkeit des Bodens zeigten eine 
lineare Temperaturabhangigkeit, die durch die Anwesenheit von Feuchtigkeit und durch induzierte 
Dampfdiffusion innerhalb des poriisen Bodens verursacht ist. Fur dieTemperaturverteilung in der Umgebung 
verschiedener eingegrabener Leitungsnetze ergaben sich geschlossene und numerische Losungen. Es wurden 
auchVersuchemiteinemeingegrabenenEinzelrohrdurchgefiihrt.DieErgebnissezeigten,daOdasvorliegende 
Model1 zu besseren Vorhersagen fiihrt als bisherige Modelle mit konstanten Stoffdaten. Die Untersuchungen 
wurden ausgedehnt, urn die Auswirkungen der Trocknung in der Umgebung beheizter Leitungen zu 
beriicksichtigen. Die Ergebnisse sind bei der Verbesserung der Auslegung von Bodenerwlrmungsgittern im 

Gartenbau anwendbar. 
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PACnPEAEJIEHME TEMnEPATYP B OKPECTHOCTJIX IlOA3EMHOR 
BOfiOnPOBOflHOti CETM B I’IOqBE C TE~JlOI’IPOBO~HOCTbIO, 3ABklCIIUE6i OT 

TEMnEPATYPbI 

AHHOTaqHn-MCCnenOBaHO TeMrIepaTypHOe none B IlO'iBe B OKpeCTHOCTKX GET&, IIOA3eMHbIX rOpH30H- 

TanbHbtx ~py6 c Tennoii ~0Aoii. npu pacreTax mnonb3oBaHa nmei&ar 3ammiMocTb TennonpoBoA- 

HOCTH nO',L3bl OT TeMnepaTypbI, 06yCJlOBJleHHafl BnalHOCTbIO II BbI3BaHHOA e,O AWj,,$y3HCti napa B 

~Op~X.~e~eHH~ypa~HCHAiiTC~~O~pOBOAHOCT~BOKpy~p~3n~~HbIX~OA3eMHblXBOAO~pOBOAHb~X CCTeii 

HaiiAeHbI B 3aMKHyTOM BIIAC. 3KCnepAMeHTbI npOBOAHnHCb C OAHOii nOA3eMHOi? Tpy6Oii. PC3ynbTaTbI 

nOKa3anA, YTO AaHHaK MOAenb 0"UCblBaeT "pO,,CCCbI TOVHeC, ',eM paHCC W3BCCTHbIC MOACJIM, 

npellnonaralomHe cBolcTBa nocT05rHHbmni. AHane3 pacnpocrpases Ha cnyqaB yqeTa 3i$+eKToa CY~KU 

BOKpyr Har~TblX Tpy6, PC3ynbTaTbI MOTH0 IIpHMeHffTb B CaAOBOACTBC A."K yCOBCpL"eHCTBOBaHW8 

K~HcT~~K&~ ceTea nonorpeea nombl. 


