a specific electrical stimulation system not only confirmed the high efficiency of this system
but also permitted formulation of a number of recommendation on its further perfection.

NOTATION

Pe is the discharge power, W; P, I, U, P, I, U are local values of the discharge power,
current and voltage along the stream and their average values, W, A, V, respectively; a, gain
of the active medium, m™!; T, translation temperature of the medium, K; T; is the vibrational
temperature of the upper lasing level; R is the mirror radius of curvature, m; L, Ly, anode
and cathode length, respectively, m; D is channel width, m; H is channel height, m; Hp is the
magnitude of the interelectrode gap.
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CALCULATION OF A BOREHOLE SOIL HEAT EXCHANGER FOR STORING
HEAT IN THE WATER-BEARING STRATUM TAKING INTO ACCOUNT FREE
CONVECTION OF THE FORMATION FLUID

V. M. Lukin UDC 66.045.3:624.131.6

A mathematical model of charging and discharging processes in a borehole soil
heat exchanger for storing heat in a water-bearing stratrum is proposed. The
model takes into account heat transfer owing to free convection of the forma-
tion fluid in a water-saturated porous medium and heat losses in the water-
impermeable soil formation with reverse motion of the heat-transfer agent.
The results of numerical calculations of the temperature distribution in the
heat exchanger, performed by the integral balance method for some values of
the parameters, are presented.

Introduction. In the last few years serious attention has been devoted to the problem
of storing heat in natural and artificial water-bearing strata as one way to conserve energy
and fuel [1, 2].

In traditional underground storage systems a pair or group of boreholes, some of vhich
are used to extract underground water followed by heating or cooling in an intermediate heat
exchanger while others are used to force water into the formation, are employed. Quite large
amounts of heat can be extracted in such a scheme, but the pumping of highly mineralized im-
pure underground waters, which are highly corrosive and have a tendency to deposit salts,
has a deleterious effect on the heat-exchange equipment and the surrounding medium.
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‘Fig. 1. Diagram of the borehole soil
" heat exchanger (a — charging; b —
discharging): 1) borehole; 2) interior
circulation pipes; 3) intermediate
zones of water-impermeable rock; 4)
water-bearing strata.

Under these conditions it is better to use a borehole soil heat exchanger (BSH) of the
type "pipe in a pipe" (Fig. 1), consisting of a cased borehole with a coaxially positioned
interior pipe with a smaller diameter and not coupled hydraulically with the water-bearing
stratum. In the charging process a heated heat-transfer agent is injected into the inner
pipe. During discharging the direction of motion of the heat-transfer agent in the inner
pipe and the annular gap is reversed.

The main mechanism of heat transfer in the soil near the section of the well in the water-
bearing stratum is free convection of the formation fluid: ascending filtrational flow along
the surface of the borhole during charging and descending flow during discharging. -In the
intermediate zone between the earth's surface and the water-bearing stratum, consisting of
water-impermeable rock, heat exchange between the borehole and the soil occurs by means of
heat conduction in the soil.

This author knows of only two publications [3, 4] devoted to the analysis of the thermal
interaction between the presurized fluid flow in the channel and the free-convective flow
in the surrounding medium. Tt should be noted that the computational principle, employed
in [3, 4], which inclues the simultaneous numerical solution of the equations of heat transfer
in the channel and the surrounding medium, is quite complicated and requires large amounts
of computer time. - This is a consequence of the nonlinearity of the equations and the ne-
cessity for using an iteration procedure to solve the coupled problem.

Mathematical Model and Method of Solution. We shall employ the boundary-layer approxi-
mation to describe the free-convective flow in the porous medium around the borehole. It
is shown in [5] that with an appropriate choice of the approximation profile of the tempera-
ture in the boundary layer, taking into account the asymptotic behavior for small and large
distances from the front edge in the direction of the flow, satisfactory accuracy can be
achieved using an approximate computational method based on integral relaitons for the free-
convective boundary layer in the porous medium around a vertical cylinder.

We shall formulate the problem of the thermal interaction between the pressurized flow
of heat-transfer agent in the borehole of the BSH and the free-convective flow of formation
fluid in a porous medium using the traditional simplifying assumptions. It is assumed that
the liquids in the borehole and the stratum are incompressible, their physical properties

~are constant, and the flow in the borehole is stabilized; in addition, longitudinal heat con-
duction is neglected. The free-convective flow is described by the boundary-layer equations
in the Darcy—Boussinesq approximation for radial symmetry.

In [6] it is shown that already a short time after heat-transfer agent starts to cir-
culate in the BSH the time derivatives in the heat-transfer equations for the borehole can
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be neglected. The equations of the quasistationary approximation for the mean-integral tem-
perature of the heat-transfer agent are also given in [6]. In the intermediate zone of water-
impermeable rock the coefficient of nonsttionary heat transfer k. is used to describe the
heat exchange between the borehole and the surrounding soil in the quasistationary approxi-
mation.

The system of equations of coupled heat transfer between the BSH and the soil mass will
have the same form for the charging asnd discharging regimes, if the x axis is oriented along
the direction of free-convective flow in the porous medium. For charging the x coordinate
is measured form the bottom of the borehole vertically upwards while for discharging it is
measured from the edge of the water-bearing stratum vertically downwards.

In the intermediate zone of water-impermeable rock (L < x <L + H, ~H < x < 0 discharg-
ing):

af% . 23’1’.?’0050 1 1
g% o0 U h) (1)
af; . 23’!7’0060 1 I QﬂROkT 1 1
5% oG (t1— t2) — G (t2 —To). (2)
In the zone of the water-saturated formation (0 < x < L):
ot 2mrge 11
—_= tH — b)), (3)
ox c b
oty 2mrysy i1 L mRAY oTY
—_ T {7
dx cpG (0" =)+ G or =g, (4)
3 d
Uy r =0,
» (rva) + 5 (rv;) (5)
i
vx:_{_ig_(T”*T(,), (6)
dTII aTH (l“ a ( OT” )
_l_ =
Vs gy T T U TGy 7 Tor " Tor ' (7
The boundary conditions for Egs. (1)-(7) are:
charging:
UL+ H) = t, (8')
HL)=t' (L), t() =16 (L) (9')
H0) =137 (0), ve(0, =0, T r)=T, (10*)
0<x< Lty () =T" (%, R), v, (x, R)=0, (11')
T, 00) =Ty =TH 4T, v (x, ®)=0; (12%)
discharging:
ty (—H) =, (8")
H@ =100, 80 =060, v =0, T"@© =T, (9")
Hhi L) =t (L), (10")
0<Lx<<L:ta' () =T" (¥, Ry), v,(x. Ry)=0, (11")
T (x, 00) =Ty =TH+T, ve(xr, o) =0. (12

Relations for calculating k. are presented in [6]. In particular, k. can be determined to
within 5-107 using the approximate formula

o

[ L Biln(l+ VpFo (13)

ky =
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where the parameter B; is a function of the number Bi:
B, =n—1,35843Bi " "* In (1 + Bi). (14)

The heat-transfer coefficient a, between the flow of the heat-transfer agent in the inner
pipe and the flow in the space between the pipes is given by the relation

. Bi,

Ry == O et :
" N 14BN, + Bi, (15)
We transform in Eqs. (1)-(2) to dimensionless variables:
b =T g BT o X
=, =TT YT
901 Nug 1 Iy
= Q) — 03) -+, 16
Py Do (G )=y (16)
00y Ny, 1 Nu
2 ool el by — 8l
0x Pe © 2+ (17)
The boundary conditions for Eqs. (16)-(17) are:
charging:
Ol (l+h =0, . (18')
e () =61'(), 6()=e' () (19")
discharging:
83 (—h) = 6, (18")
01 (0 =6i'(0), @) =0 (). (19")

Differentiating Eq. (17) with respect to % and expressing the derivative ~7§;(@i——(ﬁL
using Eqs. (16) and (17) we obtain a second-order linear differential equation with constant
coefficients for e;(E):

| 40y | Nu d8)  NuNy,

I —_—

\ = TP 5 e -0 (20)

The general solution of Eq. (20) has the form '
85 (x) = Cy exp (p1x) -+ C exp (—py¥), (21)

where -

_ Nu // 4 Nu,
Pr =05 Pe (l/ b+ Nu )’

(22)

_ Nu 4 Nu, )

1

Using Eq. (17) we find

- N P -
@%(x>=cl( u +1+—~e—’-’1—)exp(plx>+
Nu, Uy
( Nu Pep, -~ Pey
+02( Nu, i )EXP(“”‘Z")“ Nu, (23)

We determine the constant C; and Cz using the boundary conditions (18)-(19):

charging:
Nuy ©° + ¢ Pe — (Nu, ©;' (1) - v Pe) exp (—psh)

Cr =~ Nug  Pep{exp (o1 F i) — 5 (s — ph)) (24")
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Cy=- (Nu, 81" (1) 4 v Pe) exp (p,h) — Nu, 09 — ¢ Pe _
(Nu 4 Nuy — Pe po)(exp (p1h — pa) — exp (—ps — poh))

discharging: 6°— 035" (0) exp (poh)
exp (—p,h) —exp (p.h)

i

03 (0) exp (—p,h) —
exp (—p,h) — exp (p:h)

9 =

We shall now study the system (3)-(7) with the boundary conditions (9)-(12).
an integral relation we multiply Eq. (7) by r and integrate over r from R, to =,

equation of continuity (5) and motion (6) we obtain the relation sought.
coordinates

t—T nt—T
911 _ 1 0 ‘II — 2 [i}
! tO_—TO ’ 62 fﬂ_’—Tﬂ ’
T 7 _ . a .
o' = 0 - T
fa“‘TO ) r RO ) X L
we have:
0@1” = NU,, I1 11
a; - Pe (61 92 >’
5951 - Nu, (911_911)+ ¢ a0
dx Pe ! = Pe ar ey
s - ] ol
~L [ rE ] = -
dx Yy Ra  o5r |

Boundary conditions:
charging:
el () =61 1), eid) =a: ),
61" (0) =03 (0, 6" =0
discharging:

01 () =6 (1), 8.

0:(0) = 9" (0), O/ (0) - 0! (0).

(251)

(24")
(25™)
To derive

Using the
In dimensionless

(26)

(27)

(28)

(29")

(30")

(29")

{30™)

To solve the system (26)-(30) it is necessary to specify the form of the approxima:ion

profile of the dimensionless temperature in the boundary layer around the well.

It is known

[7] that for the case of radial symmetry the asymptotic temperature distribuiton for R, « 1

has a logarithmic singularity.
in the form

Inr

Wjiﬂ:@y@bﬂ- ),?gAgaﬂm

We shall give the temperature profile in the boundary layer

(31)

where the parameter A is a function of x and A is the dimensionless thickness of the boundary

layer.
flow asymptotically correctly.

From Eq. (31), expressing the gradient at the borehole as

90" 6, (x)
ar |ma A
and substituting into Egs. (27)-(28), we obtain finally:
ae; _ Nu, 11 1]
v TPe O —0:)

The relation (31) satisfies the boundary conditions of the problem and describes the

(32)
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do,! Nu 05!

e e o9
d .1 40,
L el i) = , (34)
Py K 2 )BT (A) Rad

where f(A) = [exp(2A) —2A2 —2A - 17/A2.

Using Eqs. (32)-(33) to express 0l! and substituting into Eq. (34) we obtain a relation
between 81', ;' and the parameter A:

4 Pe

@2 P 1)+ ©:'—61) =D, (35)
cRa
where D is an integration constant. Using the boundary conditions (29)-(30) we find
charging:
D=0, : (36%)
discharging: ]
D:%%leé‘(l)-@%‘(m = (@) F (Al (36")

To determine the parameter A we shall carry out the differentiation on the left side of the
relation (34). Using Egqs. (32)-(34) we obtain:

d@{l_~ Nu

= ~~1_3§~U, (37)
dy 4 [ 2 Ny -~ | 4l () |
dx L@ —U) | Ra Pe Vyf(y)UJ+ Pef(y) (38)

where f, (y) = 2[exp @Vy) (Vy— 1)+ Vy+ 1g*°

In Egs. (37)-(38) U = 61! — 83! is related with 6i' and y = A? by a relation following
from Eq. (35):

o1l ‘ \ 2 1172
vt o +wrar) 7] ol 39
The boundary conditions for Egqs. (37)-(38) are:
charging:
y(0) =0, (40")
01 (1) = 6; (1); (41')
dischrging: _
y(0) =0, (40")
et (1) = e} (). | (41')

To solve the system Egs. (37)-(39) we-shall transform it into an equivalent system of
Volterra—Uryson integral equations.of the second kind:

charging:
ol iz e Nu, 1 -
@) =01 (1)— Be {uter, gldx (42')
discharging:
I 11 N, z 11 ™ 1"
81 (x) = 61" (0) + \Uo1, yldx (42m)
Pe
y@) = | Fler, yldx. (43)
0
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Fig. 2. The distribution of the temperature of the
heat-transfer agent along the borehole soil heat
exchanger during discharging (a) and charging (b)
with Nu, = 1 (1) and 10 (2). ©=(t — To)/(t, -

To), X = x/L.

Here F[61', y] denotes the right side of Eq. (38).

The method of simple iteration was used to solve the system (42)-(43). The integrals
in Eqs. (42)-(43) were calculated using the trapezoidal rule dividing the integration inter-
val [0, 1] into N segments (N = 50-100). The solution of the system (37)-(38) with Nu, = 0

was used for the zeroth approximation for 611(x) and y(x). In addition, 01!(x) = const, and

the values of y(;) are taken from the numerical solution of the Cauchy problem for the ordinary
differential equation

Ayt (2 dw ] (44)
dx fiy) | Rae}! Pe
//((}) -0 (45)
ity 2Pe cRaf(.uw—)é‘(mj” ‘
00 —mo g |t 1 (46)
where for the charging process:
@11 (0) - Q0 —vh, 47Y)
and for the discharging process:
@?(m—JQme(-‘N”h).+ Ype[-—exp(——RUh>1. 147'")
_ Pe | Pe

The solution of the system (42)-(43) with arbitrary values of the parameter Nu, is sought
by the method of continuation using simple iteration. In this process the interval [0, Nu,]
is divided into M segments (M = 10-20). The solution of the system (42)-(43) with Nu1 lis
used as the zeroth approximation for some value of Nul

Results and Discussion. The computational process, based on the indicated algorittms,
was implemented in the form of a comptuer program written in FORTRAN for the ES computer.
Preliminary computer experiments showed that for the conditions characteristic for the opera-
tions of a BSH the process realized can be stabilized by choosing appropriate conditions for
terminating the iteration cycles, the number of partition points in the itnerval of integra-

tion, the initial step in the parameter Nu,, and the character of the change in the param-
eter Nug.

As an illustration of the possibilities of this method we calculated the temperatursa
distribution in a BSH with a total length of 200 m and the thickness of the water-bearing
stratum L = 100 m and an operating period of 1 = 1 yr. The outer diameter of the borehole
was equal to 400 mm and the diameter of the inner pipe was equal to 280 mm. The initial tem-
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perature of the water-bearing stratum in the charging period T, = 12°C and in the discharging
period T, = 80°C. The values of the parameters of the problem are as follows: N = 0.6, Pe =
25, ¢ = 3, and vy = 0.03 for charging and 1.167 for discharging. In the calculation the values
of the parameters were varied as follows: Nu, = 1-10, R; = Ra/Pe = 1073, 1072, 10~%, 1, 10.
The heat-transfer coefficients «; and o, were determined from the dependences presented in

{81 for turbulent flow in annular channels.

Figure 2 shows the distribution of the temperature sought along the BSH for the indi-
cated values of the parameters and R; = 1. The calculations show that the temperature of
the heat-transfer agent at the outlet from the BSH is determined primarily by the parameters
R,, Nu, and Nu,, which determine the intensity of the external and internal heat transfer.
Increasing the parameters R, and Nu, corresponding to an increase in the intensity of the
external heat transfer, results in an increase of the degree of cooling (heating) of the heat-
transfer agent. When the parameter Nu, is increased the available temperature differential
decreases as a result of the increase in the relative energy of the flow going into cooling.
(heating) of the injected heat-transfer agent during its reverse motion.

Conclusions. The coupled problem of the thermal interaction between the pressurized
flow of heat-transfer agent in a borehole soil heat exchanger of the type "pipe in a pipe"
and the free-convective flow of formation water in a porous medium was solved by the method
of integral heat balances. This method permits reducing the system of partial differential
equations to a boundary-value problem for two nonlinear first-order ordinary differential
equations. The system of nonlinear ordinary differential equations was solved numerically
by the method of simple iteration using the procedure of continuation in the parameter Nu,.

Analysis of the computational results permits making some practical recommendations.
To increase the efficiency of heat storage, measures must be taken to reduce the intensity
of internal heat transfer. The inner ecirculation pipe must be thermally insulated or made
of a material with low thermal conductivity (IRP rubber, heat-resistant plastic such as PVPD
polyethylene, etc.). In the intermediate zone between the earth's surface and the zone of
heat extraction double pipes with layered vacuum thermal insulation can be used to reduce
heat losses.

NOTATION

Here, t, and t, are the temperature of the heat-transfer agent in the circulation pipe
and in the space between the pipes; T§ = I'(L + H ~ x) + T, is the natural temperature dis-
tribution in the intermediate zone during the charging period; T = I'(x + H) + T, is the tem-
perature distribution during the discharging period; T, = TH + T, is the initial tempeature
of the water-bearing stratum; T, is the temperature of the neutral layer; t, is the tempera-
ture of the heat-transfer agent at the inlet into the BSH; t is the operating time of the BSH;
x is the distance along the axis of the borehole; H is the distance from the earth's surface
up to the water-bearing stratum; I is the geothermal gradient; r is the radial distance from
the axis of the well; r, is the radius of the inner pipe; R, is the radius of the borehole;

G is the mass flow rate of the heat-transfer agent; cp is the specific heat capacity of the
heat-transfer agent; o; and o, are the heat transfer coefficients for flow in the inner pipe
and in the space between the pipes; vy and v, are the axial and radial components of the
filtration velocity; TI is the temperature of the water-bearing stratum around the borehole;
A is the thermal conductivity; a is the thermal diffusivity; k is the permeability; B is the
coefficient of volume expansion of the formation fluid; g is the acceleration of gravity;
-v is the kinematic viscosity of the formation fluid; § is the thickness of the wall of the
inner pipe; Bi = a,Ro/Al is Biot's number; Fo = alt/R? is Fourier's number; Nu, = aor,/Ap

is Nusselt's number for interior heat transfer; Nu = ktR,/Ap is Nusselt's number for exterior
heat transfer; Pe = G/2mLappy is the modified Peclet number; ¢ = ATI/Ay; Ra = kpg|t, — T,|R3/
vall is the modified Rayleigh number; Bij=h,/ob; Biy==hy/0n8; y=TL/|fo—To|; h=H/L; ©"= (fo—Tx)/(t—Ts).
Indices: 1-2) circulation pipe and the interpipe space; I-II) intermediate zone and water-
bearing stratum; h) heat-transfer agent; w) pipe wall.
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CALCULATION OF HEAT TRANSFER ACCOMPANYING FLOW IN PIPES TAKING
INTO ACCOUNT THE THERMAL RESISTANCE OF THE WALL

Yu. V. Vidin UDC 536.24

The starting nonlinear problem is reduced to a simpler form with the help of a
linear approximation of the equation relating the tempeature of the outer and
inner surfaces of the pipe.

Particular solutions of the problem of convective-radiative heating (cooling) of a liquid
in laminar flow in pipes were obtained in [1] by the finite-different method taking into ac-
count the transverse thermal resistance of the walls. The mathematical formulation includes
the energy equation

0e 00 I 00

—R2 = —_——
=R 5~ "7 o (1)

with the boundary conditions:
08 . ,
TﬁT:BML~ﬁ+pU*ﬁm at  R=1, (2)
00

Wﬂo at R =0, (3)
0 =0, at X == (4)

and a relation between the temperature of the outer $(X, 1 + A) and inner 0(X, 1) surfaces
of the pipe:

8 —BBi (1 — 9+ p (1 — 04 = ©. (5)
Here
R= L, 2 ;Pe:WUdG,dO_ 2rg; 8:1;80:&;
7o Ped, a T. T.
< 3 8
Bi = 20 i; p= Sk sk BT 4 = — m L
n d, Bi n 4, A, dy

The comparatively large number of parameters makes it difficult to generalize the ve-
sults of the numerical integration of the system equations (1)-(5). However, the problem
(1)-(5) can be simplified. In many cases a function of the type (5) can be approximatec with
a high degree of accuracy by a linear dependence

G=c+(1—0)0, (6)

where the constant ¢ is calculated from the relation

Krasnoyarsk Polytechnical Institute. Translated from Inzhenerno-Fizicheskii Zhurnal,
Vol. 58, No. 5, pp. 792-794, May, 1990. Original article submitted February 28, 1989,

0022-0841/90/5805-0611$12.50 e 1990 Plenum Publishing Corporation 611



