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Preface

Technical development, improving indices of the specific consumption
of condensing power stations and the gradual transformation of the structure
of energy carriers have introduced a new concept and new trends in district
heating systems. The production of heat by the individual plants has once
more become an attractive solution and new modern heating systems have
been developed. Not only urbanisation, the provision of public utilities and
the evolution of the infrastructure but communal and industrial consumers,
too, require more up-to-date, more hygienic and better heat supply. It is nec-
essary, therefore, to study whether or not the existing heating power stations
can be operated more economically and under what conditions could new plants
be built to produce both heat and energy. In addition, with a higher standard
of development and better public supplies, the disproportion between power
consumption during the daytime and the night hours has increased, causing
difficulties in the satisfaction of the need for electric power during peak periods.

It was the study of these two major problems which has given birth
to the idea of operating heating power stations to cover peak consumption.

“The running of heating stations to meet demand during consumption
peaks is a régime in which, making use of the heat storage capacity of the net-
work and of the heated plant, the station supplies the possible maximum elec-
tric energy during the period of consumption peaks [1—4].”

This meant parting with the previous concept according to which a heat-
ing power station’s only function is to meet the demand for heat. An optimum
method of operation had to be developed which serves the interests of both
the power generating plant and the heated object.

Up to recently our examinations extended to the effect of periodic oper-
ation (to cover peak loads) upon the inside temperature of heated rooms
[5, 6], and to pipe systems carrying hot water from the plant, routed above
the surface [7, 8]. In the latter case, i.e. with free standing lines above ground
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ambient temperature can be assumed to be constant and this assumption
simplifies the examinations.

In the present paper, however, we intend to take consideration also of
the heat storage capacity of the soil and of the temperature variations close
to the heated pipe.

1. The method applied

We approached the problem in several steps.

a) In the experimental rig we measured the heat loss, respectively the
set of isotherms suitable to calculate it in both stationary and periodic opera-
tion:

b) We elaborated a general solution to formulate and compute the equa-
tion of the isotherms.

¢) We substituted the geometry and the thermodynamic features of
the measuring device into the calculation formulas and checked upon the
agreement between measured and calculated values.

d) In the said manner we confirmed the correctness of the calculation
method and determined the pattern of the heat losses likely to occur in a full-
size equipment.

¢) We confirmed the process qualitatively by the findings of a previous
model experiment.

f) On the basis of the above we have established that reasonably safe
conclusions may be drawn for the effects of periodic operation also for under-
ground transmission lines.

And now let us describe the process in greater detail.

2. The experiment. Measurement results

For the purposes of measurements a large wooden box had been provided,
filled with clean sand. In its centre a pair of pipes — forward and return —
were fitted, the latter provided with cut-off facilities. This arrangement en-
abhled the determination of the set of isotherms forming around one. or both,
pipes as required (see Fig. 1). To measure the rate of the cooling down of hot
water, thermometers were fixed to either end of the box. In the mid-line of
the box, mounted to wooden frames, very small resistanee thermometers made
of Ni wire were positioned, each connected to a compensograph, for the re-
cording of the temperatures around the pipes. Hot water was delivered to the
set-up from a heat exchanger heated with saturated steam the volume of
which was controlled by a suitable valve. To cool down the water between the
forward and return pipes a calorifer was available.




UNDERGROUND HOT WATER TRANSMISSION LINES

179

First stationary operation was studied. At a forward water temperature

of 110 °C we measured the set of isotherms around the pipes then, manipulat-

)

ing the steam valve *27 of Figure 1 according to a present programme, we

*A(r

Fig. 1. Arrangement of a heat loss measuring apparatus. 1: Steam distribution: 2: Steam con-
trol value: 3: Condensing tank: 4: Steam-Hot water heat exchanger: 5: Measuring case: 6: Hot
water forward conduit: 7: Hot water return conduit: 8: Hot water trunk conduit: 9: Thermal

ventilator for water cooling: 10: Measuring frames

Theoretic curve
e

Z— Raal curve
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=~At case front end
7——At case rear end
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Fig. 2. Periodical change of the temperature of the forward streaming water

cause the temperature to vary periodically (Fig. 2). The function so measured

fairly approximated the sine function considered in the calculation. The pattern

of the isotherms was again recorded. Fig. 3 shows the curves plotted during

stationary and periodic operation, respectively, i.e. the temperatures measured

on different radii starting out from the midline of the pipe, in function of time.
Here follows the description of the calculation process.
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Fig. 3. Isotherms around a heated tube (conduit). —-—~— Curves of calculated values;

----- Curves of measured values

3. The equation of the isotherms

We set out from the differential equation

= (1)

which describes the temperatures arising around a cylindrical body [9] where

#  designates the excess temperature (the temperature above that of the
surroundings) in °C

r the radii in m

¢  time in hours
the heat conduction factor of the soil around the pipe in m*h, a > 0

Assuming a radius of r; < r <{ oo which, in our case, is equal to the
outer circumference of the pipe, temperature will vary according to a given
periodic function

#rys 7) = f(7) (2)

In infinity excess temperature becomes zero, i.e. the temperature around
the pipe, in infinity, is the same as that of the surroundings.
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Note: In the present chapter peak operation has always been substituted with a sine
function. As proved above, measurements too had been performed with such substitution, in
order to simplify calculations.

The problem has no ipitial conditions, the solution assumes the form of
? = el** R(r) (3)
2.’
where o = _1, 7, stands for the length of the period (h).
To

Substituting the value of ¥ according to (3) into the differential equation
(1) we arrive at

plvt (RII_:__LRI) - _l'Eo‘Reiwr (13)
r a
whence we obtain
rRRLlp ¥ p_q (1b)
r a

differential equation of the Bessel type. Resolved it yields

R=2C,J, [i3/'2 Vg- r} +C, K, ”_/[i %r} (e}
To select C; and C, the following conditions may apply: If r — oo then
the first member, too, tends toward infinity. Therefore, in conformity with
the boundary condition, C,; may be equal to 0; since C, is arbitrary, let it, for
the time being, be equal to 1.0.
Accordingly:

.
? =T K, ﬂ i r] = (cos wT--1sin 0T)

-[ker (Vg r} + i kei ﬂ/ r” =
— cos w7 ker ﬂ/g r’ ~ sinor-kei H/_T“; r) +

-+ i[sin ot -ker [1/% r] -+ cos wt - kei Hl/——‘% rH

i

a)&

y

J

(32)

where “ker” and “‘kei” denote the real and imaginary parts of Kelvin’s funec-
tion [10, 11].

Both the real and the imaginary parts provide a resolution to the dif-
ferential equation.
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Let 4 be the real, §” the imaginary part and let C’ and C” be arbitrary
constants. If so, then

P =C [cos ot - ker 1 é)— r} - sin @7 - kei ” : c’T)r” (3b)

o)

8" =C" [sin T ker“‘/y - rJ -+ cos ot keil H/ —(;— 1” (3c)

r

Since both #' and " represent a solution to the equation, their sum,
too, is one and:

=90 = [C' ker H ] 2 rl - C"kei ﬂ/ L }cos ot -+
a ) a

(3d)

I 1 o

- LC"' ker '] el B C’ kei ” _(ao_ rH sin wT

The determination of the €’ and C” constants is as follows: if the pipe radius
r; is a definite number and the period time of 7, is known then a heat conduc-

tion factor of the sand around the pipe

To | (e ,
[' = ker ] —a—rlJ ./1 == kel ” —;1—7'1) ('1')

can be calculated. The boundary condition
fl7) = Cy sin wr = H(ry, 1)

is the periodic time— temperature function taking place around the outer
circumference of the pipe. Likewise

lim 9(r, 1) = 0

T~ o

which means that in infinity the ambient temperature will be attained.
It may be written that

Ic - AC" =0
A2 [0 (4a)
—AC" + I'C" = C,
whence
C = 4G ¢ = R (4b)

AT A2 T2
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Substituting them into the relationship (3d), a correlation well suited for the

calculation will be obtained:

(3¢)

Now let us substitute the measurement results.

4. Caleulation with the geometric and
thermodynamic features of the measuring rig

The pipe diameter is N dia 80 mm. Therewith the outer radius will be

0.045 m (Fig. 3).
In an eight-hour period the value of o will be

w=""="T20.995/h
T, 4

Substituting the thermodynamic properties according to [12] the heat

conduction factor of sand is

10 62310 myn
co 0.44 - 1400

The value of ],/_50_;'1, accordingly, will be:
[ a

[o S 0.995 - -
“ ry= } *]1—633—1?_“,;“ 0.045 = 1.115

I'=ker1.115 =  0.2147 2 = 0.046

A =keil.1l5 = —0.4550 A2 = 0.207

As verified by calculations (Fig. 2):

C, = 38°C
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therefore, on the basis of equation (4b) we may write that

o (—0455):38
0.046--0.207

¢ 92438 g4
0.046+0.207

Now the r radii may be substituted into Eq. (3¢). Obviously, the “‘mea-
sured” values in Fig. 3 will be chosen. The following values will be calculated:

r=007m
r=0I1 m

r=0.125m
As an example, let

r be 0.07Tm
This would mean that the wave is examined at a distance of
r—r,=0.07—0.045 = 0.025 m
away from the pipe wall.
Substituting this into Eq. (3e):
Hr, ) = [68.2 ker (24.8 - 0.07) + 32.3 kei (24.8 - 0.07)]} cos w7 +

- [32.3 ker (24.8 - 0.07) — 68.2 kei (24.8 - 0.07)] sin ot
from the table functions ker and kei will be [10, 11]

ker (24.8 - 0.07) = —0.0036

kei (24.8 - 0.07) = —0.2649
and thereby

Hr, ) = 8.795 cos wt + 17.984 sin w7t

In this manner the pattern of the function #(r, 7) can be determined for
each radius. The problem still awaiting solution is to find the isotherms in sta-
tionary operation around which the so calculated periodic function would
fluctuate. These isotherms must obviously be established from the heat loss.
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The heat loss during the measurement is as follows:

R 27-L-4 27-2.5-1. .
0 = (1) "_dL’ — (110 —26) —”‘-20—"751—0 — 620 keallh  (5a)
In =2 n——
o, 2-0.045

where, in addition to the previous symbols

t.  denotes the mean forward going water temperature and, according to our
conditions, also the temperature of the pipe circumference (110 °C):

the external surface temperature of the box: 26 °C:

the length of the box:

d, the outer diameter which corresponds to the external dimensions of the

box (m).

S

On the basis of (5a) the equation of the isotherms will assume the follow-
ing form:
Zr

t, =1, — 9 (5b)
2xLi | 2

IMustrating it with the previous example of r = 0.07 m:

2 2-0.
fovgy = 110 — — 020 1y 27007 596 oc
22510  2-0.045

Performing this calculation for each radius we will be able to tally the
measured and calculated data. Fig. 3 accordingly includes two-two (measured
and calculated) sets of lines, namely, the pattern of soil temperature along
various r radii away from the pipe circumference first at constant then at
periodically varying water temperatures (or, in our case at constant and pe-
riodically varying temperature of the pipe circumference). As seen from the
figure the measured and calculated values show a fair agreement, proving that
the calculation process may safely be accepted and used to study the problem
and elucidate the variations of the isotherms in underground pipe systems dur-
ing periodic peak operation in full size equipment.
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3. Caleulating the heat loss and the pattern
of the isotherms in full size equipment

When studying this problem we followed this train of thoughts:

a) We assumed a harmonic function which approximates the actual
conditions of peak operation under extreme conditions, i.e. a maximum tem-
perature of 150 °C, a trough temperature of 70 °C. Since no such fluctuations
of the forward flowing water temperature have ever been encountered in power
stations, this case may be regarded as the theoretically most unfavourable.
To approximate actual conditions (on peak run a day) we chose twenty-four-
hour periods. This gave a 40 -C amplitude of the function and a period duration
of eight hours.

b) We studied the temperature pattern around pipes of 100, 200, 500
and 600 mm diameter. The fact that no thermal insulation had been assumed
again shifted the calculations towards the least favourable case. The tempera-
ture field was calculated and established at 2.5-—5.0 and 10.0 cm away from
the pipe circamference. 1t was found that the periodic function subsides very
rapidly in the coil,

¢) In the next step we sought for that radius (respectively that distance
from the pipe wall) at which the amplitude of the temperature fluctuations
due to intermittent — peak — operation went below 2 °C. These distances
were measured and plotted in function of the pipe diameters.

Since the distances were very small, it was proved that underground the
effect of peak running would subside within a very short distance even in
extremely unfavourable cases, which never occur in practice. Thereafter the
heat loss can be readily calculated .in the same way as in traditionally operated
transmission lines, i.e. systems ran at constant temperature round the clock.

Some more essential numerical steps in the calculation had been:

D
= 2 — 0.2615/h
24 :

The heat conduction factor a of the soil was taken to be identical with
the previous value of a4 Therefore

Taking into consideration the different pipe diameters the values of

o
r
P!

of C’ and C” were compiled in Table I.
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Table I

Complementary values for the application of relationship (3e)

: i
Nominal | External

: ; | o |
di:};:é)ecler rfélx);s : ? A < cr
{mm} [m]} ) ‘;}
100 | 0.054 0.685 34.4 | 32.9
200 0.108 | 1.371 1010 26.3
300 0.2605 | 3.31 259.0 | - 561.0
600 0.311 : 3.95 —25.08 | —1060

The values substituted consecutively into relationship (3e) vield the
pattern of periodic waves.

In Table II the wvalues of r and of

-
O]

—r
a

were compiled as a function of distances measured from the pipe wall while
Table III indicates the distances at which amplitude drops to < 2 °C.

Table 11

(2

The wvalues of r and of l‘ﬁ r
a

Distance from pipe wall measured in cm

dindpe | 25 5.0 10.0
[mm} ; : — ‘ B " | p—
r{m] Yoo r r[m] Jwiar . r[m] ! Jwja r
100 0.079 1.003 0.104 1.32 0.154 1.956
200 0.133 1.69 | 0.158 | 2.01 0.208 | 2.645
300 ] 0.2855 3.625 0.3105 ¢ 3.945 0.3605 | 4.58
Table 111

The distances where amplitude is less than 2 °C

]

Pipe Distance from ! r : .
diameter : pipe wall i [m] ] —
[mm] [em] : a

100 | 25 0.304 3.86
200 : 27 0.378 4.81
500 30 i 0.5605 7.11

7.76

600 30 0.611
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Having substituted the figures of Tables I, IT and III into the relation-
ship (3e) we obtained the equations of the periodic waves. For the graphic illus-
tration it was necessary also to determine the temperature of the isotherms
along the radii r for the case if the pipes would carry water at a constant tem-
150 + 70 .

4

perature of 110 °C =

For the calculation of the isotherms we found information in Reference

[13]:

[°C) (6)
where

g designates the heat losses along the pipe-line [keal/rm, h]
4 the heat conduction factor of the soil [kecal/m, h, °C]

while the designations of u, v, h are seen in Fig. 4 which indicates, in actual
figures, the geometry of the isothermsand the arrangement of the 100 mm dia-
meter pipe.

On the basis of [14] soil temperature of 6 °C had been assumed for the
calculation. According to Fig. 4 the heat loss per running metre in a pipe of
100 mm diameter amounts to

s (110 6)47510 _ .
7= In 0.054%4-(2- L.5)2 = 162.5 kealfrm, h

0.0542

Other heat loss values and isotherms are shown in Table IV,

Table IV

The heat loss per running metre and the numerical value of the isotherms

Pipe Distance from pipe wall in terms of cms

diamete ; 9 q ; -
'[mmt] i | kealjem, B] -, 5 | 10 25 2r | 30
100 C1625 | 1001 929 % 829 653 - -
200 2000 | 1035 | 98.1 89.5 o : 75.0 —
02.6 96.4 — = 180

500 | 267.0 1054 1
The figures designate the temperature of the isotherms in degrees centigrade (°C)
Thereafter the function #(r, 7) could be plotted without any difficulty

whatsoever (Fig. 5). It clearly shows the effect of the pipe diameter and the
*subsidence’ of the periodic function.
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Fig. 4. Determination of the isotherms: symbols and dimensions
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Fig. 5. Isotherms around a heated tube

Fig. 6 indicates the distance at which the effect of peak operation has
completely subsided, for different pipe diameters.

The calculation eloquently proves that assuming even an extreme case
— 500 mm diameter non-insulated pipe and peak running between 150 and
70 °C — the fluctuations will subside within a ring of 30 cm thickness. This
in fact confirms that for the determination of heat losses we may safely ac-
count with constant ambient temperature also in pipes routed underground.

We could qualitatively verify this statement also on the basis of a model
experiment we had carried out earlier.
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stance from the tube-wall

‘GG 200 <07
‘mmi
Flig. 6. Distance from the tube-wall, at which the temperature oscillation is less than 2 °C

6. The model experiment

In a previous article we described the electric model composed to sim-
ulate the electric time {unction for peak operation, in which the isotherms
had been substituted by lines of constant voltage. The measured and caleu-
lated data showed close agreement. The electric time function represented ex-
tremely unfavourable conditions for peak operation with a 50 °C difference
in the forward-going water temperature during peaks and troughs, respee-
tively, and four-hour peak running periods. In this particular case differences
were ohserved at the 35 °C isotherm only while the 25 °C isotherm showed no
longer any effect of intermittent operation. Since the 35 °C isotherm was at
a distance of approximately 25 em from the wall of the 300 mm diameter
pipe. the model proved bevond doubt that the experiment supported our
theory.

Summary

The paper proves that in conformity with an evaluation of the effects of peak operation
by measurements, calculations and a model experiment, the temperature close to pipelines
routed underground may be assumed to be constant. Authors. accordingly, succeeded in elu-
cidating the pattern of heat losses in transmission pipes led both on the surface and under-
ground, as well as the heat losses in the inside temperature of heated premises, due to peak
operation. This, nitimately, enables the consideration and caleulation of every possible factor
relating to this novel type of operation.




Yt

12.

[

Dr.
Dr.

UNDERGROUND HOT WATER TRANSMISSION LINES

,_J
w
ot

References

Kozépnyomast fitberdmiivek villamos csticsrajératisa (Electric peak operation of me-
dium-pressur e heating power stations). EGI Elvi Tanulményi Osztdly, Febr. 1, 1966,
Fiit8turbina csdesrajdratdsa a Kelenfoldi Héer6miiben (Heating turbine in peak operation
at the Kelentéld Thermal Power Station). EGI Elvi Tanulmdnvi Osztaly. Julv 10,1966,

Harzn, H.—Towya, M.: Mitreldruck Heizkraftwerke im elektrischen Spitzenbetrieb.
V. Konferenz fiir industrielle Energiewirtschaft, Prague, Jan. 1—26, 1967.

Hoox~ay, G.: Peak operation of heating power stations: Problems arising on the con-
sumers’ side, I. Periodica Polytechnica. Mech. Eng. 14, 53—64 (1970).
HoymonxNay. G.: Peak operation of heating power :tailom Problems arising on the
consumers’ side. I1. Periodica Polytechnica Mech. Eng., 14, 173—187 (1970).

Kézépnyvomdisa hszolgdltaté erdmiivek csdesrajdratisa I—1I1. (Medium-pressure thermal
power stations in peak operation), Report, 1st Dept. of Ieating, Ventilation and Air
Conditioning, Technical University of Budapest, 1967, Moderator: Mrs. G. Homonnay.

ZBLD, A.: Fiitsteljesitmény ingadozisinak hatdsa a tavifitésre kapesolt lakshelyiségek
belsé hémérsékletére (The effect of fluctuations in the he: ating output on the inside
temperature of district-heated flats). Energia & Atomtechnika XX, 468—472 (1968).

Hoxonxay, G.—Horryann, At Porréviz tdvvezetékel hivesziesége periodikus hfmér-
sékletviliozds ésetén (Heat loss in hot-water district heating pipes due to periodic tem-
perature variations). Epiiletzépészet XIX, 8188 (1570).

Hoxonnay. G.—Horrmanxy, A Heat Losses of Long District Heating Pipelines.
Periodica Polvtechnica M. 15, 209 226 (1971).

GrOBER-ERK-GRIGULL: Wirmenbertrazung, 3rd, Ed. Sprin;
Heidelberg 1961.

Handbook of Mathematical Funetions with Formulas, Graphs and Mathematical Tables.
National Bureau of Standards, Applied Mathematics Series No. 55, Washington, 1964,

LacEraN, N. W.: Bessel Funetions for Engineers. Oxford University Press, 1970.

ALBERT. J.: A hszigetelés kézikinvve (A Handbook of thermal insulation). M{szaki Kényv-
kiadé. Budapest 1962,

Jarop. M.: Heat Transfer. Vols I—1II. John Wiley and Sons, New York 1949,

Koryev: Teplosnabshenyie uchebnik dlja specialnosti. Gostroizdat, Moseow 1933.

HoxmonxaY, G.: Auswirkungen des elektrischen Spltzeﬂnetneb& von Heizkraftwerken
auf die Wirmeverbraucher. Heizung-Litftung-Haustechnik 21, 344-— 348 (1970).

er Verlag. Berlin/Gottingeny

Gabriella HoMmoxxay

. Budapest XI., Sztoczek u. 2—4, Hungary
Andras Horriaxx sary

()]
H*






