where Biy = opR/Ap, is the Biot number; ap is the heat transfer coefficient between the last
(m-th) layer of the heat exchanger and the medium that washes over it; Teyxt is the temper-
ature of the medium external to the heat exchanger.

Coordinate functions for the successive approximations are obtained from Eq. (26).

In this case, solutions of the form (15) and (20) are to be taken in the following forms:

Thilo, s, p) = Tope=b1(s, PYui(p) (i =1, m), (28)

Tri(ps 2) = Tpp— ka @ onil0) (=T, m). (29)
k=1

The expressions (28) and (29), with coordinate functions obtained from equations (26) and
(27), satisfy the boundary conditions and all the junction conditions. The unknown coeffi-
cients b,(s, p) and fi(z) are to be determined in such a way that the initial differential
equations are satisfied in an optimum manner. For this purpose one can use the Bubnov-—Ga-
lerkin orthogonal method (for determining b;(s, p)) and the Kantorovich method (for deter-
mining fy(z) (k = 1, n).

It should be pointed out in conclusion that the approach outlined here makes it possible
to solve effectively heat exchange junction problems for boundary conditions varying in
time and with respect to z, as well as for fluid temperatures at the channel entrances vary-
ing with respect to p and with respect to the time, and for initial heat-carrier temperatures
dependent on the coordinates p and z.

NOTATION

T, temperature; Ty,, T1,, Ty, initial temperatures; Ty, outer wall temperature; Ty,
temperature of external medium; W,,, average velocity; x, r, longitudinal and transverse
coordinates; 1, time; r,, r, = R, distances to inner and outer walls; p = r/R, dimensionless
coordinate; a, smaller of the diffusivity coefficients a; and a,; Pe = 6Rwav/a, Peclet num-
ber; z = (1/Pe)x/R, dimensionless coordinate; Fo = at/R2?, Fourier number; X, coefficient
of thermal conductivity; m, number of heat exchanger layers; H(n), Heaviside function; n,
argument of Heaviside function; a, heat transfer coefficient; Bi = aR/X, Bioct number.
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THE DYNAMICS OF THE FREEZING OVER OF UNDERGROUND PIPES

B. A. Krasovitskii UDC 551.322:536.24:621.643

The article suggests a method of calculating the unsteady process of freezing
over of an underground pipe transporting a freezing liquid.

Pipeline transport of water, aqueous solutions and suspensions under conditions of low
ambient temperatures may be accompanied by their freezing. The formation of an ice layer
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on the inner pipe surface causes increased hydraulic resistance. In view of that the predic-
tion of freezing over of pipes under extreme climatic and technological conditions has to be
included in the pipeline project.

A considerable number of authors dealt with the heat exchange between a liquid and a
wall whose temperature is lower than the freezing point of the liquid. Articles [1, 2] dealt
with the nonsteady heat exchange between a liquid and a cold flat wall taking the growing
ice layer into account. The wall temperature was assumed to be constant. In [3-5] an ana-
logous problem was solved for flow in a pipe, in [6] a similar problem was considered for
the case of a constant heat flux into the soil. The effect of the evolution of the temper-
ature field in the environment for the plane and the axisymmetric problem was taken into
account in [7, 8]. 1In [9] the method of [8] was developed with the phase transitions in the
surrounding soil taken into account. The present article constitutes a further development
of the method of [9] in connection with laminar and turbulent flow in pipes, and it substan-
tiates some assumptions that had been used in [9].

We deal with the heat exchange of a liquid flowing through an underground pipe with the
surrounding soil. At the instant of starting the soil is frozen and has a temperature Tg¢ <
TP. The temperature of the liquid at the inlet is T; > T,. In the region 0 < z < b the pipe
is not frozen over and the equation of the influx of heat is written in the form [9]

; 00 ; 00 ; i 0zt
Cl—+Cho— =g +Cl; ~SIT7 (1)
lc)tﬁl_zaz U i=1 2
e(z:(] = I- (2)
Here,
0=t —To , g Li=Ty -, ki B
TO—Y; TO—Tp RO
; 2 . . ;
cl = PCxy ( R; ) . ¢l = pcG - pgGi :
2K; Ry 2sth; 2nkj(To~—7;)
an =

gi = 1 g 99, do;, 7= L

2n ? or r=1 Ro

{ 2
0,31 , Re>Re.,
. 4n*ga’(lgRe — 1)?
{ =
16G*
——————, Re<Re,.
niga’Re Cor

In the region b < z < L on the inner pipe wall, an ice layer forms, and the radius of its
inner surface is 8(z, 1). The equation of heat influx for the liquid in this zone is

;00 ;00 ;
Cix L 1 ¢i = = —af+Ci; (3)

1x ot " 0z * *
Ble—p = 0. (4)

Here a = 8a/xj; x = (8/Ry)2.
The heat transfer coefficient from the liquid to the inner pipe surface a is determined
by the following relations:

0,023 Dy Re?8Pro33, Re>Re ;
205 cY

[SH
I

0,33
1,62-%-'5— (—%‘i) » Re<<Re,., Gu>10;

3,78%24—, Re<<Re_. G,<10;
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Fig. 1. Dependences of the thickness of the ice layer &4 = Ry — & (mm) (a, c) and of the
temperature of the liquid T (°C) (b) on the longitudinal coordinate z (km) for different
instants: a, b) variant I: 1) © = 6.51 hy 2) 11.61; 3) 25.18; 4) 50.3; 5) 92.08; 6) 156.9;
7) 252.4; 8) 383 h; c) variant II: 1) t = 8.21 h; 2) 13.39; 3) 19.6; 4) 26.00; 5) 35.95;
6) 46.5; 7) 59.3; 8) 74 h.

Gy = pcG/ A¢Z3 a is the radius of the inner cross section of the pipe. The statement of the
problem of heat conduction for the surrounding soil corresponds to [9] and is not presented
here.

The growth of the ice layer on the inner pipe surface is determined by Stefan's condi-
tion:

(23]

e = ST =)l s (5)

6[‘5:1:.,(2) = Ri. (6)
Here, t,(z) is the time of arrival of the front of filling the pipe in the section z.
Let us first regard the solution of the equation of heat influx for the liquid (1), (2).
The region 0 < z < b can be divided into two zones. In the first zone 0 < z < b' melted

soil lies next to the pipe. The dimensionless temperature of the liquid at the boundary of
this zone is determined after [9] by the relation

Cé b’ (7)

8(5') = exp [— F (5")] { o (e @) dz}.
Here, 2 0

2 20,2 - a a

l —=— |arctg 221 arct ——3—_—_), D,>0;
v (e VD,
F(2) = - S—
1 (202 + @, — V =D (a, + V=D,) D.<0:
GV—D, | @uz+a+V—D)a—v—Dy | °
D, = da,a, —a3; a, = Ins, + ! ;= UfSy;
21
ay = — (lnso + ub )/b’z; us—gs—
So 0z =0
—1
alz[ll(,l +llnRo) .
aRi }‘,:'m Re
The system of differential equations for determining s,, u, b' was given in {9].
The dimensionless temperature of the liquid on the frontal boundary of the ice layer
z = b is determined by the following expression:
b —b
eﬁsww=9f+CMGv+wwv—eﬁ—ﬁanpr—T—f—} (8)
CoQ ()
where
f=ﬁ40%=1wz;mﬁ= ﬁ +l£1££+ 1

n
aRi 7\dn Re Juw (tl)

2
0
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Here and henceforth o is averaged over the interval of integration. If in the interval of
integration a change of the hydraulic conditions occurs, then integration is carried out
separately for zones with unchanging conditions.

The function gy characterizing nonsteady heat exchange with the surrounding single-
phase soil is determined in accordance with [9]. It is obvious that if the temperature of
the phase transition of the capillary liquid of the soil and the temperature of the liquid
transported through the pipe coincide and the heat insulation of the pipe is thin, b' = b
and the temperature on the frontal boundary of the ice layer is determined by expression (7).

Let us now turn to the solution of Eq. (5). Going over to dimensionless variables and
using an approximate solution for the temperature gradient on the inner boundary of the ice
layer, we obtain

AT L VT 4 Ade (9)

%o C—Clnx +——
G (1)
Here,
1: lpicugRi . _ )\’2

20RE\To—T,)" °  Rig '

CotepmBo oot 0GR vl = L

in e 2)"ic

Let us consider the solution of (9) for small t' which corresponds to the profile of the
ice layer near the front of filling. With a view to the expression for the radius of ther-

mal influence in this case [11] we have: R(t') = 1 + /6t'. We write the function gy in the
following manner: ¢, = ?%T, In addition we bear in mind that with t' > 0 x> 1, o » &g,

the ice layer grows much more slowly than the thickness of the heated soil layer. In view
of that Eq. (9) assumes the form

a2 gy AP (10)
ot C 2 /3t
ny —_—
V2
When t' is small, the expression for the dimensionless temperature in the zone that is free
of freezing over is:

). (11)

0 =0, + C3g. + (1 — 8 —C3qc) exp (— Cla

3
Here, qc=‘//—2-t +C + A,.

Let us consider the evolution of the dimensionless temperature in the section z during
the period when an ice layer exists in this section. At the instant that the ice layer ap-
pears, which corresponds to the instant of arrival of the front of filling in this section,
its dimensionless temperature is

6 =Cic [—Ciet 6 + C3(C + A,) + {1 —0s —C3 x
(1] 0
% (C+ A,)ex .____30___) ‘ (_fr_z._ _ (12)
€+ e~ )| oo (Ta
Here,
c;'“‘:= pcG . Cifc— pgGi

onRizy ~  2aRaq(To—Tp)

s,® is the coordinate of the front of filling in which the formation of the ice layer begins.
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The condition of the onset of growth of the layer is obtained from (9):

o+fé9120_ (13)

When we use (11), it follows from the above-said that
B +C3(C -+ A4) — 1

s§ =C5(C + 4y)In N (14
0 =Ca( 2 0,+C3(C + Ay) + 4 /C )
When we substitute this expression into (12), we obtain
0
: ic , Spi—=2
eon:C_?,lg—“ (G’gc—r Azef/C) exp (——OC—}E.-) . (15)

At the instant that the ice layer disappears in the section z, the temperature of the flow
in it is

2 , 2 4
Oy G+l g5 (1 =0 — Gl [~ . (16)

/3

Here, 4. ;= 1, ?f + Ck Ays 8 =15

Assuming that the temperature of the flow in the section z changes linearly with time,
we represent Eq. (10) in the form
Ox 4,8
Ao =0+ (8, P (17)
ot *n o t C 4 3
When we integrate this equation, we obtain the following expression:

X=1+4 —=

Y £ 44,9¢ VRo (]/ BN g 1 3 Exy
0¢ + 2 el —1 —
A VRO [ =0 in on) 2 in 3 VR} Cc 2 VRS

)J . (18)

Here £ = VR3/k, t' is the distance between the given section and the front of filling; £ijp =
VR t'in/k, is the same for the instant that the layer disappears. Obviously, when £ = Eins
x = 1, When we substitute these values into (18), we obtain a transcendental equation for
determining &4n:

_ 84 ef VRO ( I l/ 3 ek |
Eirgeon+ 9') = Clnjl 4+ — — VR2 T——-——-VR% ) (19)

Expression (18) describes the profile of the ice layer at the initial period of ice forma-
tion, and also near the front of filling.

When the value of t'j, obtained by Eq. (19) is larger than t, (the limit of applicabil-
ity of the solution of (18)), we have to put
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ti f 0, =Cs + [--Cs + B -+ Cigy + (1 — B —Cig,) X

X exp b exp(b——z .
&) |\ eE)

/3
qca:l/ Tta+C+A2

The system of equations (1)-(4), (9), (10) fully describes the temperature and ice con-
ditions of the pipe. For its integration a program in FORTRAN-V was worked out. The solu-
tions for small t' were obtained with the aid of relations (11), (15)-(18). This elimi-
nates the computing difficulties arising at the initial instant of ice formation. First,
with the aid of (14), the coordinate of the place of origin of the ice layer is determined.
Then, for the initial time interval [0, ty] we seek the profiles of the ice layer from rela-
tions (18), (19). By numerical integration of the problem (3), (4) we determine for the
instants t > t, the temperature field of the liquid above the ice layer at the given instant,
and with the aid of (9) we determine the increase of the ice layer; then the procedure is
repeated.

Figure 1 shows the results of the calculations by the mentioned program. The calculations
were carried out for the following initial data: Q = 400 m3®/h; R, = 0.266 m; Rg = 0.2635 m;
R; = 0.2535 m; L = 50 km; c = 4.18 kJ/(kg-°K); Ag = 0.559 W/(m*°K); Ajc = 2.32 W/ (m °K); Ay,=
2.09 W/ (m-°K); k, = 0.585-1072 m?/h; w = 300 kg/m3; T¢ = 4°C; T, = +10°C; Tp = 0°C; & = 335
kJ/kg; A{n = 209 W/(m*°K); tz = 0.025.

Kinematic viscosity v and density p of the liquid were adopted for variant I equal to the
corresponding characteristics of water (v = 0.647-1072 m?/h; p = 1000 kg/m3). For variant II
we calculated the case of a suspension based on water (v = 1.5 m?/h; p = 1400 kg/m3®). Variant
I is characterized by turbulent flow (Re = 1.5:10%), II is characterized by laminar flow (Re =
700). It can be seen from the presented graphs that a characteristic feature of variant I is
the abrupt increase of the thickness of the ice layer in the region of its front edge; further
downstream along the pipe its thickness changes only slightly (Fig. la). An inherent trait
of the temperature of the liquid is the abrupt drop in the region of the front edge of the
ice (Fig. 1b). These effects are due to the fact that the heat transfer coefficient from the
liquid to the inner pipe wall is larger when the flow is turbulent. Variant II (laminar flow)
is characterized by a small longitudinal temperature gradient of the liquid in the region of
the front edge of the ice and by correspondingly even growth of its thickness (Fig. lc).

The above-mentioned features of freezing over in turbulent flow make it possible to sim-
plify the method of calculating it. Since in the region of freezing over, except in a narrow
zone near the front edge, the temperature of the liquid remains practically unchanged, it can
be determined from Eq. (3)

0 = Chja; b<<z<<L. (20)
In view of this, the equation of the growth of the ice layer (9) assumes the form
_ GV A9 (21)

ox
A o’ o +C——Cllnx+1/qw(t')'
Here, a, = &,8/Aj.

Obviously, integrating the given equation is a simpler problem than integrating the
system (3), (9). The regularity of motion of the front edge of the ice layer can be found on
the basis of the following considerations. Melting of the front edge occurs on account of
the lowering of the temperature of the flow from 04to6g, i.e., the temperature at which the heat
fluxes on the inner surface of the ice layer are in equilibrium:

N .
¢ Ta Vx(C —Cilnx + 1/g,)

Hence, when we construct the relation of thermal balance, we obtain

(22)

a4 (_R_o)z G ] (23)
dt Ri Ty [ 1 -+ lpic l—x J
op (To—T, ) (6, —0,)
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Figure 2 shows a comparison of the results of determining the coordinate of the front
edge of the ice layer and of its maximal thickness obtained with the aid of the simplified
method (21)-(23) and the more complete method described above. It can be seen from the pre-
sented graphs that the simplified method yields practically the same results as the more
complete one. Yet for its realization much less computer time and memory capacity are re-
quired.

NOTATION

T, temperature of the liquid; Tp, temperature of the phase transition of the liquid;
p, density of the liquid; Xy, thermal conductivity of the liquid; c, specific heat capacity
of the liquid; T,, temperature of the liquid at the inlet to the pipe; G, volumetric flow
rate; i, hydraulic gradient; E, mechanical equivalent of heat; R;, inner pipe radius; R,
outer pipe radius; R,, outer radius of the heat insulation; z, longitudinal coordinate;
T, radial coordinate; Tj, temperature of the j-th zone of soil; A;, thermal conductivity of
the j-th zone of soil; k3, thermal diffusivity of the j-th zone o% soil (j = 1: melted zone,
j = 2: frozen zone); Re, Reynolds number; Re.,, Reynolds number at which laminar flow chan-
ges into turbulent flow; a, heat transfer coefficient from the liquid to the inner pipe wall;
b, longitudinal coordinate of the front edge of the ice layer; &, radius of the inner surface
of the ice layer; %, specific heat of the phase transition ice—water; pj., weight of the ice
in unit volume of frozen liquid; Ti., temperature of the frozen liquid; Aj., thermal conduc-
tivity of the frozen liquid; Ay,, thermal conductivity of the insulation; R, dimensionless
radius of thermal influence; g, acceleration of gravity; s, dimensionless radius of melting of
the soil around the pipe; s,, the same for the initial section of the pipeline; Tg, natural
soil temperature; 1, time; Pr, Prandtl number.
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