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This paper gives the results of experimental investigations of heat 
transfer from underground pipelines in unsteady-state thermal con- 
ditions by means of a physical model in which the thermal conduc- 
tivity of the soil and the diameter and depth of burial of the pipes 
were varied. The experimental data are compared with known theo- 
retical results and the range of validity of previously proposed design 
equations are determined. 

Sound heat  ca lcula t ions  of p ipel ines  r equ i r e  re l i ab le  
values  of the coeff icients  of heat  t r a n s f e r  f rom the 
moving med ium to the soil.  Yet the l i t e r a t u r e  known 
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Fig. 1. Diagram of exper imen ta l  appara tus :  1) heater ;  
2) tank; 3) thermocouple  a s s e m b l i e s  I - V ;  4) heat  i n -  

sulat ion;  5) a i r  chamber  for regu la t ing  a i r  t e m p e r a t u r e .  

to us [1-6]  does not give suff icient ly r e l i ab le  va lues  
of the heat  t r a n s f e r  coefficients  (K). By i ts  v e r y n a t u r e  
K is a quant i ty  which depends on the technology of con -  
veyance of the gas or  l iquid,  the depth of b u r i a l  and 
d i ame te r  of the pipe, the the rmophys ica l  c h a r a c t e r -  
i s t i c s  and m o i s t u r e  content  of the soil ,  the h e a t t r a n s f e r  
condit ions at the surface  of the soil ,  and other fac tors .  

Despite the n u m e r o u s  expe r imen ta l  inves t iga t ions ,  
it  is usua l ly  imposs ib le  to analyze  the va lues  of K r e -  
commended  in the l i t e r a t u r e  in the case  of operat ing 
p ipel ines ,  s ince  the authors  of these  works usual ly  
fail  to give complete  data cha rac t e r i z ing  the e x p e r i -  
menta l  condit ions.  

The inadequate study of the t h e r m a l  i n t e rac t ion  of 
a p ipel ine  and the soil  is due both to the complexi ty  
of the heat  t r a n s f e r  p roces s  i tself ,  e spec ia l ly  i n w a t e r -  
logged ground,  and to the difficulty of expe r imen ta l  
inves t igat ion,  pa r t i cu l a r l y  the s imula t ion  of heat  t r a n s f e r  
f rom the pipe to the soil  in  field condit ions.  

Str ic t ly  speaking,  K shouldbe  de t e rmined  sepa ra t e ly  
for each specif ic  gas pipel ine.  Since this  is  imposs ib le  
in p rac t i ce ,  heat  ca lcu la t ions  a r e m a d e  f rom the F o r c h -  
he imer ,  Arons -Kuta t e l adze ,  GrSber ,  and other f o r -  
mulas ,  which a re  based  on p r e m i s e s  which do not c o r -  
respond to actual  condi t ions.  

Despite the i r  fundamental  faults ,  the poss ib i l i ty  of 
p rac t i ca l  appl icat ion and the l imi t s  of appl icat ion of 
these fo rmu la s  can be de te rmined  only by a compra i son  
of ca lcula ted  and exper imen ta l  data, 

In view of the fact  that e a r l i e r  exper imen ta l  i n -  
ves t iga t ions  fai led to include an impor t an t  p rac t i ca l  
range of depths of bur ia l ,  pipe d i a m e t e r s ,  and t h e r m o -  
physical  p rope r t i e s  of soil ,  we c a r r i e d  out expe r imen t s  
in which the heat  loss  of underground  pipes was s i m u -  
la ted physical ly .  

If s i m i l a r i t y  condit ions are  to be secured ,  the follow- 
ing fac tors  in the model and in the r ea l  case  mus t  be 
s i m i l a r :  geomet r ic  p roper t i e s ,  physical  cons tan ts ,  t ime  
course  of p rocess ,  and condit ions of in te rac t ion  of the 
sys tem and sur roundings .  

In addit ion to geometr ic  s i m i l a r i t y  ( l '  = v l l; t '  = 

= vtt; a' = v a a  ),  the F o u r i e r  n u m b e r s  of the model  
and the rea l  case  mus t  be the same ( a T / l  2 = a ' T T /  

/ ( t ' )  2 = F o  o r  Vav~lv~ : 1). 
F r o m  an ana lys i s  of the boundary  condit ions for the 

r ea l  case  and the model  we find: V T / ~  l = 1 f rom the 
in i t ia l  condit ion;  Vq/q~(vr, V l )  = 1 f rom :he boundary  
condit ion of the second kind with due r ega rd  to the r e -  
s t r i c t ion  usual ly  imposed in s i m i l a r i t y  theory,  v i z . ,  
homogenei ty  of the funct ions of the r ea l  case  and the 
model  for heat  flux (q). 
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Fig. 2. Change in  heat  t r a n s f e r  coeff icient  
(K, W/m, deg) with t ime  (% hr) on heat ing of 
soi l  (k s = 0.29 W / m -  deg): a) h / D  = 2 .2 ;  
D = 3.0 cm; expe r imen t  VI--q = 30.6 W/m;  
VII--286; VIII--123; b) h /D  = 3.0, D = 
= 2.0 cm,  expe r imen t  H--q = 38.0 W / m ,  
HI--152, IV--267; c) h / D  = 1.28, D = 
= 5.1 era; e x p e r i m e n t  IX--q = 18.1 W / m ,  

X--68.0 ,  XI--120.0. 

In our  inves t iga t ions  we used rea l  soil  [sand), i. e . ,  
= 1. Hence, v T = v~, i . e . ,  the t ime  sca le  is  equal  V G 

to the square  of the l i nea r  d imens ion  scale .  
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Fig.  3. C o m p a r i s o n  of e x p e r i m e n t a l  
da ta  with solut ion of [8]: 1) F r o m  [8]; 
2) e x p e r i m e n t  IX; 3) X; 4) XI ( 2 - 4 - -  

h /D = 1.28; D = 5.1 cm).  
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Fig .  4. P lo t s  of sou rce  t e m p e r a t u r e  (T, ~ aga ins t  t ime  
0% hr)  a t  d i f fe ren t  points  in soi l  at depth of bu r i a l  of pipe:  
1, 1 ' ) S o u r c e ;  2, 2 ' ,  3, 3 ' ,  4, 4 ' ,  5, 5' ,  10, 1 0 ' ) d i s t a n c e  
f r o m  sou rce  in ram,  r e s p e c t i v e l y ;  a) heat ing;  b) cool ing.  
The so i l  c o n s i s t e d  of wet  sand (w = 9.2%, k s = 0.50 W/re .  

�9 deg). 
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Table 1 

C o m p a r i s o n  of Exper imen ta l  and Calculated Values of Heat T r a n s f e r  
Coefficients 

Soil D, 
mm 

2O 

Dry 30 
sand 

51 

Damp 51 

sand 30 

h, 
mm 

60 

65 

65 

65 

65 

h/D 

3,0  38, 1 
268.0 

2 .17 I23.0 
28,7 

1,28 68.1 
120,0 

l 

Heat transfer coefficients, Deviation (%) from 
formulas W/m �9 

lexperi-[ calculated from formula 
W/m q' I Imen .  - - - -  - -  

tally Forch- Atom- Tugonov- 
ob- i helmet Kutate- Yablon- 

tained (1) ladze (2) skii (3) 

12.5 8 .8  
12,1 11,7 11.3 

14.6 
13,9 9 .0  8 .8  6 ,6  

9 .6  
9,5 7. i 6 .8  6 .0  

11.3 
12,2 

9 .2  

12.3 14.4 

12.0 

13.9 

7.1 

9 .3  

(2) (I) 13) 

128 :::i 
2.17 107 0 

61 t ::: 2.4  5 .8  27.0 

38.0 85_0 
35.01 37.61 61,6 
26.51 28.8 37.2 

36 .6  28.0 25.6[ 

i --  7 _ 2 - -  5.1 

- -33 .01- -30 ,5  

- -17 .01- -13 .2  

37.9  

21,8 

24.6  

Proceeding  f rom the above p r inc ip les  of physical  
s imula t ion  we designed an exper imen ta l  appara tus  
for the inves t iga t ions .  It cons is ted  of a chamber  (80 x 
x 80 x 60 cm) f i l led with sand (Fig. 1). The boundary 
condit ion d t /dx  = 0 when x ~ ~o on the side sur faces  
of the model  was secured  by the rmal  insu la t ion  with 
PSD-4 foam plast ic  10 cm thick. On the bottom of the 
chamber  there  was a tank with c i rcu la t ing  water  to 
secure  the boundary  condit ion t o = const  on the bottom 
of the model.  During the exper imen t s  the water  t e m -  
pe ra tu re  was kept cons tant  by a U-8 u l t r a the rmos ta t .  
The heat  t r a n s f e r  condit ions at  the so i l - - a tmosphe re  
boundary  were  as c lose  as poss ib le  to actual  condit ions.  

As heat  sources  we used e lec t r i c  hea t e r s  cons i s t ing  
of coi ls  of 0.5 m m  mangan in  wire  wound on porce la in  
or g lass  tubes of var ious  d i ame te r s .  Movement  of the 
wi re s  during heating was prevented  by cover ing them 
with epoxy r e s in .  W e  u s e d  th ree  hea t e r s  with the 
following p a r a m e t e r s :  D = 20, 30, and 51 ram; l = 80, 
74, and 73 cm; R = 118, 152, and 263 ohm. 

During the expe r imen t  a cons tant  voltage was m a i n -  
ta ined on the hea te r  t e r m i n a l s  and this ensured  that 
the heat  flux f rom the source  was constant .  The heat  
flax was de te rmined  f rom the Jou le -Lenz  formula .  

To m e a s u r e  the t e m p e r a t u r e s  at d i f ferent  points in 
the soil  we used TMK copper -eons t an tan  thermocouples  
and GZP-47  ga lvanomete r s .  The thermocouples  were  
grouped together  in a s s e m b l i e s  (10 thermocouples  in 
each). The base  of the thermocouple  a s sembly  con -  
s i s ted  of 0.3 m m  PESHOK cons tantan  wire ,  to which 
0.5 m m  copper w i re s  in PVC insu la t ion  were  so ldered  
at fixed d is tances .  The thermocouples  enabled us to 
m e a s u r e  the i n c r e a s e  in t e m p e r a t u r e  of the working 
junct ions  over the t empe ra tu r e  of a r e f e r ence  j u n c -  
t ions.  The la t te r  was m e a s u r e d  in  a Dewar ves se l  by 
a m e r c u r y  t h e r m o m e t e r  with sca le  d iv is ions  of 0.1 ~ C. 
The thermocouples  were  ca l ib ra ted  beforehand at 
severa l  t e m p e r a t u r e s  in the range  f rom 0 -10  ~ C. The 
t e m p e r a t u r e  of the soil  was m e a s u r e d  at 50 points.  

The t he rma l  conductivi ty of the soil  was de te rmined  
by two independent  methods:  by the flat  hea t -p robe  

method and by the r egu la r  heat  r eg ime  method. In the 
f i r s t  method a fiat probe (with a guard f r ame  of d i m e n -  
sions 30 • 30 • 2 cm) was bur ied  in the  soil.  T h e m e a -  
su r e me n t s  were  made by the cooling plate procedure  
with a l iquid in the probe as a heat  source.  To check 
the m e a s u r e m e n t s  we de te rmined  the t he r ma l  d i f fus iv -  
ity (a) with an a - c a l o r i m e t e r  by G. M. Kondra t ' ev ' s  
method. For  dry sand we obtained the following r e -  
sul ts :  k s = 0.280 and 0.312 W / m .  deg, a = 0.73 and 
0.81 �9 10 -3 m2/hr  (the f i r s t  va lues  by the r egu la r  heat  
r eg ime  method); for mois t  sand (w = 9.2%), k s = 0.50 
and a = 1.20- 10 -3. 

Before be ing put into the chamber  all the sand was 
passed  through a 2 m m  sieve;  the bulk dens i ty  of the 
dry  sand was T = 1540 kg /m 3, and that of the damp 
sand (w = 9.2%), Y = 1620 kg /m ~. 

Observa t ions  were made with different  values  of 
h/D,  ~s, and q. During" the expe r imen t s  the d is tance  
f rom the hea te r  to the tank was kept cons tan t  at 25 cm. 
To obtain the r e q u i r e d  values  of h /D we a l t e red  the 
height of the sand above the pipe. To e l imina te  the 
sys temat ic  e r r o r  we took two r e a d i n g s - - d i r e c t  and r e -  
v e r s e - - f r o m  the ga lvanometer .  We c a r r i e d  out e leven 
expe r imen t s  with dry  sand and ten expe r imen t s  with 
most  sand (w = 9.2%). 

The expe r imen t  was continued unti l  the change in 
t e m p e r a t u r e  with t ime  became equal to (or l ess  than) 
the accuracy  of t e m p e r a t u r e  m e a s u r e m e n t .  

F r o m  the p r e se n t  heat f luxes,  which were a l t e red  
dur ing the inves t iga t ion  f rom 15-290  W / m  ~ , and the 
m e a s u r e d  t e mpe r a t u r e  heads we de te rmined  the coef -  
f ic ient  of heat  t r a n s f e r  f rom the source  to the soil 
(Fig. 2). It should be noted that this  graph can be used 
for p rac t i ca l  ca lcula t ions  if the r equ i r ed  p a r a m e t e r s  
l ie  within the invest igated range.  

F igure  3 shows a compar i son  of the theore t ica l  
Tugunov-Yublonski i  solut ion [8] with our exper imen ta l  
data. The f igure shows that the g rea tes t  d i f ference b e -  
tween them does not exceed 10-15%. This can be a t -  
t r ibu ted  to the sl ightly di f ferent  p r e m i s e s  of theory  
and expe r imen t  and the e r r o r s  of the la t te r .  In the de -  
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viat ion of the equation of [8] it  was a s sumed  that the 
t e m p e r a t u r e  throughout  the soil  m a s s  was constant .  In 
the conduct ion of our  expe r imen t  we made the ve r t i ca l  
t e m p e r a t u r e  g rad ien t  in the ground co r r e spond  to r ea l  
condi t ions.  

We evaluate  the e r r o r  of the exper iment .  Using the 
heat t r a n s f e r  coeff ic ient  given by the fo rmula  

K = -q , (1) 
t . - -  t. 

and also the known re la t ionsh ips  f rom the theory  of 
e r r o r s ,  we obtain 

In accordance  with the accuracy  of the i n s t r u m e n t s  
used in our model ,  the m a x i m u m  poss ib le  absolute  
e r r o r s  of m e a s u r e m e n t  are:  ~u = 0.1 V; (r~- = 1 rain; 

o R = 1 ohm; ~D = 1.0 mm;  ~l = 5 mm;  cr(tH-t0 ) = 0.1 ~ C. 
The m i n i m u m  values  of the m e a s u r e d  p a r a m e t e r s  a re :  

Umi n = 15 V; Tmi n = 1 hr ;  Rmi n = 118 ohm; Dmin = 
= 20 mm;  /min = 730 ram; (t H - t0)mi n = 1 ~ C. The 
m a x i m u m  re la t ive  e r r o r  in the de t e rmina t ion  of K wil l  
be 0.115 (or 11.5%). Since in the m a j o r i t y  of e x p e r i -  
ments  (t H - to) >> 1.0, and 5 k is de t e rmined  ma in ly  by 
6(tH-t0), the f o r m e r  will  be l e s s  than 11.5%. 

Re turn ing  to the ana lys i s  of the ag r eemen t  between 
our expe r imen ta l  data and the Tugunov-Yablonski i  f o r -  
mu la  for the uns teady heat  r eg ime ,  we can show that 
the d i f fe rences  a re  within the l im i t s  of expe r imen ta l  
e r r o r .  Our data a lso agree  well  with Che rn ik in ' s  f o r -  
mula  [4], which ignores  heat  t r a n s f e r  at the s o i l - a i r  
boundary.  This fo rmula  for the condi t ions  of our model  
ag rees  with [7] (curve 1 in Fig. 3). Hence,  we can 
conclude that within the l imi t  of the accuracy  of the 
p rac t i ca l  ca lcu la t ions  of underground  pipes heat  loss  
to the a tmosphe re  can be neglected.  

The heat ing of the p ipe - so i l  sy s t em when the pipe 
becomes  opera t ive  depends main ly  on the ra t e  of h e a t -  
ing of the soil .  F igure  4 shows plots of t e m p e r a t u r e  
agains t  t ime  at d i f ferent  points in the soi l  ( t h e r m o -  
couple a s s e m b l y  No. 2; s e e  Fig.  1) on heat ing to the 
s teady s ta te  and subsequent  cooling. As these  data 
show, the t e m p e r a t u r e  of the pipe dur ing heat ing r eaches  
the q u a s i - s t e a d y  state  [4] much more  rapid ly  than that 
of the soil.  

The ra te  of change of t e m p e r a t u r e ,  which is  rapid  
at the s t a r t  of the heat ing p rocess ,  subsequent ly  b e -  
comes  s lower  and at the end is ve ry  slow (1 -2  ~ C in 
50-100 hr);  it appears  as if the sys t em has reached  
the steady state.  An ana lys i s  of the expe r imen ta l  data 
(see cu rves  4 - 1 0  in Fig.  4) ind ica tes  that the f ront  of 
the heat  wave due to the source  moves  ve ry  slowly 
through the soil :  af ter  600 hr  the soil  t e m p e r a t u r e  at 
a d i s tance  of 39 cm (8D) f rom the hea te r  r i s e s  by 
approximate ly  0.5 ~ C. Arons  and Polyak obtained s i m i l a r  
r e su l t s  in field inves t iga t ions  of ap ipe  220 m m  i n d i a m -  
e te r ,  laid at a depth of 0.7 m, 

F igure  4 a lso  shows the r e su l t s  of one of the e x p e r i -  
ments  on the cooling of heated soil  when the heat sou rce  

is  cut off (curves  1 ' - 5 ' ,  10'). An ana lys i s  of these  
cu rves  shows that the source  t e m p e r a t u r e  de c r ea se s  
much more  rapid ly  than the soil  t e m p e r a t u r e ,  e s p e c -  
ia l ly  at la rge  d i s tances  f rom the source  (curves  5' and 
10'). An ana lys i s  of the expe r imen ta l  data indica tes  
that the t he r ma l  effect of the source  extends into the 
soil  to d i s t ances  equal to five or six rad i i  of the pipe. 

The r e su l t s  obtained can be used to evaluate  the 
t ime  of heat ing of the pipe. In our  expe r imen t s  the 
quas i - s t eady  state was a t ta ined in 6 - 7  hr .  Calcula t ions  
f rom the Arons -Kuta t e l adze  f o r mu l a  give r = 7.7 hr  
(for D = 5.1 cm; h/D = 1.28), a n d f r o m  the Tugunov-  
Yablonski i  fo rmula  [8] T = 8.5 hr ,  i. e . ,  both these  
fo rmulas  agree  well  with our  expe r imen ta l  data. 

Since ca lcu la t ions  of gas pipes a re  usual ly  based 
on s t eady-s t a t e  condi t ions ,  it  is of i n t e r e s t  to compare  
the exis t ing  theore t ica l  solut ions of F o r c h h e i m e r ,  
Arons  and Kutateladze,  and Tugunov and Yablonskii  
[7] with our  expe r imen ta l  data. 

In Table  1 we have se lec ted  the e x p e r i m e n t a l v a l u e s  
of the heat  t r a n s f e r  coeff icients  which co r re spond  to 
the quas i - s t eady  state  and the values  ca lcula ted  f rom 
the above-men t ioned  fo rmulas .  Table 1 shows that  the 
d i f fe rences  between the r e su l t s  ca lcu la ted  f rom the 
theore t ica l  fo rmulas  and the expe r imen ta l  data a re  
-30 to +60%. In the case  of mos t  p rac t i ca l  i n t e r e s t  for 
gas -p ipe  ca lcula t ions  (h/D = 1.28) the d i f fe rences  do 
not exceed -30 to +37%. Since the expe r imen ta l  e r r o r  
is  about 10% we can r e g a r d  this  as a quite sa t i s f ac to ry  
ag reemen t ,  

In view of the con t rad ic to ry  r ecommenda t ions  r e -  
garding the choice of K (the values  of K obtained by 
di f ferent  authors  differ cons ide rab ly  f rom one another)  
and the fact that in the des ign  of gas pipes the value 
of K is chosen i r r e s p e c t i v e  of D, h/D, and ks,  we can  
r e c o m m e n d  for p rac t i ca l  ca lcu la t ions  the s imp le s t  of 
the above f o r m u l a s - - t h e  F o r c h h e i m e r  formula .  

NOTATION 

h is the depth of bur ia l  of pipe (heater) ;  D is the 
d i a m e t e r  of pipe (heater);  l is  the length of pipe (heater);  
7 is the bulk dens i ty  of soil;  w is  the mo i s tu r e  content  
of soil ;  k s is  the t he r ma l  conduct ivi ty  of soil;  a is the 
t h e r m a l  diffusivi ty of soil ;  q is the heat  flux (q = 
= 0.24 �9 3.6U2/v D/R); K is the coeff ic ient  of heat t r a n s -  
fe r  f rom pipe to soil ;  t is the t e m p e r a t u r e  (t H is the 
source ,  to is in na tu ra l  condi t ions,  outs ide the r e -  
gion of t he r ma l  inf luence of the pipe); R is  the ohmic 
r e s i s t a n c e  of hea te r ;  U is the voltage applied to hea te r ;  
Fo is the F o u r i e r  n u m b e r ;  v is the model ing scale;  

is  the re la t ive  e r r o r  of m e a s u r e m e n t ,  cris the absolute  
e r r o r ;  T is  the t ime;  T 1 is the heat ing t ime.  
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