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A simple technique is developed for determining the heat transfer coefficient on the basis of information 
available about the state of transported oil in industrial oil pipelines. 

The most complicated technological problem in pipeline transport is the conveyance of high-viscosity, 

readily congealing oils. This is associated with their physicochemical characteristics: (a) a high content of hard 

block paraffins, asphaltenes, and resins; (b) a high congealing temperature; (c) a strong dependence of their 

rheological properties on temperature. At the present time many techniques for transporting such oils have been 

developed. The most popular of these is "hot" transfer over pipelines. In this technique, the transported oil is heated 

at the main heating station and then is pumped into the pipeline. As the oil moves, it cools off, and therefore at 

intervals of 25-100 km intermediate heating stations are located along the pipeline. 

The state of the transported oil in the pipeline is determined by the temperature T(x, t), velocity v(x, t) 

and pressure p(x, t). Below, the calculations of the operational thermal regimes of oil pipelines are given. 

The oil temperature in the pipeline is formed under the influence of the process of heat transfer between 

the moving oil and the ambient medium. The intensity of the process depends on the value of the heat transfer 

coefficient k. This makes it possible to assume that the accuracy of thermal calculations is predominantly determined 

by the accuracy of this parameter. The distribution of the oil temperature for various k is shown in Fig. 1. 

The determination of the heat transfer coefficient in oil pipelines has been the concern of a large number 

of publications [1-4 ]. The basic relation for the calculation of k is [5] 

1 1 1 1 rin 1 D 
- z l'ra- + ~ a  2-x--- + ZZp~ In--r  ~ i  - d - s  In , (1) kD 

where D is the outer diameter of an insulated pipeline; r is the radius of the clear area of a paraffin-clogged pipeline; 

rin is the inner radius of the pipe; din is the inner diameter of insulation; 2p, 2 i a r e  the thermal conductivity 
coefficients of paraffin and insulation; al  and a2 are the internal and external coefficients of heat transfer. 

To determine al for a turbulent mode of flow, the following dimensionless equation is used [6 ] 

2ctlr 
= Nuo, (2) 

n 0.43 ( Pro ]0.25 
Nu o = 0.021 Re 0"8 rro ~wrw ) el" (3) 

The subscripts o and w denote that the physical properties are selected for the mean temperatures of oil and pipe 

wall, respectively; e I is a coefficient taking into account the change in the mean heat transfer coefficient along the 

pipe length. Since the length of the pipeline is much larger than its diameter, 
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Fig. 1. Distribution of oil temperature T(x) along two segments of a pipeline 

for various values of the heat transfer coefficient. 

el= 1. 

The external coefficient of heat transfer from the pipe wall to the environment is defined by the expression 
[7, 81 

a 2 = 

d i In  

4)l$r 
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where 

aBo =aBc + CtBr ; aBc = 11.6 + 7.0 V~w ; )4 )4] 
ereCs T s r s  + A (Ta_+__A 

aBr  = Tgr. s -- T a i 0 0  - ~ 100 ; 

aB0 is the coefficient of heat transfer from the ground surface to the atmosphere; aBc is the coefficient of convective 

heat transfer; CtBr is the coefficient of radiative heat transfer; H is the pipe axis depth; )],gr is the thermal conductivity 

of the ground; Ww is the speed of the wind; ere is the reduced emissivity of the ground surface; Cs is the Stefan- 
Boltzmann constant; Tgr.s and Ta are the temperature of the ground surface and the air, respectively. 

The main drawback of relation (1) is the necessity for a large amount of initial information, a portion of 
which is difficult to determine, e.g., 2gr, Tgr.s, etc. 

In practice, recommendations have been developed to simplify and increase the accuracy of calculations; 
for example, when 

H 
- - > _ 3  
di 

formula (4) is simplified and reduced to the form [9 ] 
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To increase the accuracy of calculating k, the oil pipeline route is divided into portions with approximately uniform 

properties of the ground and atmospheric conditions, and for each of these the specific value of k is determined. 

The accuracy of the values of k can be raised in two ways: 

1) by increasing the accuracy of the initial information for relations (1)-(4). However, this is impossible 
to fulfill for main pipelines; 

2) for each industrial oil pipeline documents are kept concerning the state of the oil transported. In them, 

in certain time intervals information about the oil temperature is recorded; this is called operational information 

(OI). On the basis of OI one can calculate the parameter k and use it in subsequent calculations. In other words, 

one can adapt the mathematical model that describes the flow of oil along a pipeline to the actual technological 

conditions by parametrically identifying the value of k. 

The pipeline, as an object of identification, connects the known input parameters xl . . . . .  xi  and the unknown 

input parameters zl, ..., zk with the known output parameters Yl . . . . .  Ym [10]. In our case the structure of the model 

for the pipeline is known. It is a mathematical description of the flow of oil along the pipeline [11 ]. The parameter 

k, involved in this model, is to be identified on the basis of the available OI. 

Let us consider the operation of one segment of the pipeline of length L for the time [t o, tl ]. In this period, 

in equal time intervals t we shall record the oil temperature Texit(t) at the beginning and Tend(t)  at the end of the 

segment and the velocity v . ( t ) .  The number of recordings is determined by the expression 

t 1 - t o 
nl  - A t  ' t = t o + n A t  , n =  1 ,  2 . . . . .  n 1 .  

Knowing Texit(t) , Tend(l), v . ( t ) ,  and [to, tl ], it is necessary to determine the values of the heat transfer coefficient. 

The direct statement of the problem for one segment of the pipeline is a system of differential equations 

with boundary and initial conditions [11] 

OT OT 1 { c r r R - q  
- ~  + V ox  - p c  " - -  - -  + -ff "?1 !1 (tsi) Gi ~ii (T i  + A )  - 

- c ( T + A )  + 
(v i COS a i - -  v)  2 

2 
(x - 

Ov 1 Ns 
Ox - p F  ~" rl (tsi) Gi t5 ( x  - x i ) ,  

i=1 

(6) 

T ( 0 , 0 = T e x i t ( 0 ,  t o _ < t _ < t  1,  x = 0 ;  

T ( L ,  0 =Tend(0 ,  to -< t-< t l ,  x = L ;  

v ( O ,  t ) = v . ( t ) ,  t o < _ t < - t  1 ,  x = 0 ;  

T ( x ,  O) = ~ ( x )  , t = O , O < x <_ L .  

(7) 

From the time [to, tl ] we shall eliminate the lag time, which is defined as the time needed for a fixed volume of 

oil AV to pass the segment of length L with the velocity v.(t): 
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Fig. 2. An example of operative information for solving the problem of 

parametric identification by k. t, h. 

t. = n. At, (8) 

where n ,  is determined from the inequality 

At 
~* (8a) 

n = l  

The value of k is calculated by solving a series of direct problems with subsequent approximation of the 

result by an N-degree polynomial (usually N _< 3): 

= k ( r  (L, 0 ) .  

Let the values of the heat transfer coefficient k belong to a certain domain K. Let us select from it the sequence 

k 1 , k 2 . . . . .  k m ,  (9)  

and, using Eq. (6), construct the relation 

T = T (L, k) (10) 

for a point at the end of the segment x = L (because in the OI the temperature at the end of the segment is recorded). 

The calculated temperature at the point x = L will be denoted by Tend c. 

i and determine the mean value For ki, i --- 1, 2, .... m ,  having solved the direct problem, we will find T[nd c 

~nd c, having eliminated the lag time t.: 

nl . 

r .dc- ' 

e2".d c Ln  (nAo, i 1, 2,  . . . ,  m.  

(11) 
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Fig. 4. Dependence of the heat  t ransfer  coefficient k on the t ime of the year  

for different segments  of an oil pipeline. 

As a result, we will obtain the sequence of pairs of points 

(Tend c,  , d c '  ' ' 

Knowing this sequence, we will find the relation 

/ 

(12) 
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k = k (Ten d c ) ,  (13)  

We will represent it in the form of the polynomial 

N 
k = E al C - 1 "  (14) 

l=I  

The coefficients at, l = 1, 2 . . . . .  N, will be determined by the least-squares method. The degree of the polynomial 
N depends on the assigned accuracy of the solution e > 0. 

Having determined the degree of the polynomial N and the coefficients al, l = 1, 2 . . . . .  N, we shall calculate 
from Eq. (14) the value of k corresponding to the mean experimental temperature (7): 

N 

Ten d = 

nl 

Te.d (,,At) 
/ ' t =  n .  

n 1 - n .  + 1 

(15) 

It is this value of k (effective) that will identify the thermal process described by the mathematical model (6), (7) 

with the actual technological process. 

The developed procedure for determining the heat transfer coefficient k was used for calculating the thermal 

regimes of the operation of the Uzen'-Gur'ev main underground oil pipeline. 

In Fig. 2 an example of OI on the basis of which the adaptation was performed is presented. The form of 

relations (11) is given in Fig. 3. The matrix A, which determines the coefficients al, l = 1, 2, 3, for different months 

of the year m = 1, 2, ..., 12 for one segment of the oil pipeline, has the form 

A = 

4.146 - 0.148 0.001 ] 
3.107 - 0.118 0.001 

l 3.006 - 0.126 0.001 
4.063 0.176 0.002 
5.637 0.186 0.002 
6.223 0.199 0.002 
7.050 - 0.224 0.002 / 
7.504 - 0.263 0.002 
6.117 - 0.209 0.002 
5.951 0.205 0.001 
4.768 0.155 0.001 
4.337 0.142 0.001 

In Fig. 4 dependences of the heat transfer coefficient on time are presented for several segments of the oil pipeline. 

As is seen from the figure, the values of k change in a wide range: 

0.4 _ k _< 2.5. (16) 

This corresponds to the actual picture of the process of heat transfer: the values of k are directly associated with 

the conditions of heat transfer and the properties of the ground. And since both the conditions and the properties 

change substantially along the pipeline, the range (16) is also appreciable. The use of the proposed procedure in 

calculations of the operational conditions of oil pipeline made it possible to increase the accuracy of calculations to 

5%. 
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