
fusion current shifts toward ~ = i at lower values of the Reynolds number (Fig. 2). The 

(dUsl 1 /IdUsI ~ " increases with higher values of the Rey- surface smoothing factor c= "~'-n[y=llmax/-~n[y=llmin_o~lj,\_.., " 

nolds number: c = 1.2 when NRe = 20 and c = 2.1 when NRe = 100. 

Therefore, a dissolving surface is smoothed most intensely prior to formation of a vor- 
tex in a surface cavity. The roughness amplitude changes during dissolution and, therefore, 
the optimum conditions for smoothing will be ensured only by maintenance of a continuously 
vortex-free mode of streamlining. 

The results of this study can be utilized in setting up the finish treatment in chemical 
manufacturing processes, in electrochemical polishing, and in other technologies where forma- 
tion of the roughness microprofile of surfaces is largely influenced by the hydrodynamics 
of their streamlining. 

NOTATION 

x, longitudinal coordinate; y, normal coordinate; ~, ~, Y, dimensionless coordinates; 
ho, mean channel half-width; ~, channel half-width; h, dimensionless channel half-width; %, 
roughness wavelength; A, roughness amplitude; ~, flow function; ~, dimensionless flow func- 
tion; Umax, maximum velocity in the channel; u, v, Us, velocity components along the x axis, 
the y axis, and along the wall contour, respectively; U, V, U s , dimensionless velocity com- 
ponents; v, kinematic viscosity; A2k,n , coefficients of the series expansion; NRe , Reynolds 
number; c, surface smoothing factor; and s, ~, parameters. 
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GROWTH OF PARAFFIN DEPOSITS ON THE PIPE SURFACE 

IN A STREAM OF OIL 

B. A. Krasovitskii and V. I. Maron 

In describing the kinetics of the growth of a layer, it was taken that the solidi- 
fication temperature is a variable and depends on the paraffin concentration in 
the stream of oil in a pipe. 

UDC 532.507 

When the soil temperature in the vicinity of a pipe transporting paraffinous crude drops, 
the layers of the liquid near the pipe surface solidify and lose their mobility. These phe- 
nomena are connected with the appearance of paraffin crystals in the near-wall layers of the 
liquid; these crystals form the structure within which the liquid is retarded. The tempera- 
ture at which the near-wall layers of the liquid lose their mobility is called the solidifi- 
cation point. Experiments showed that the solidification point depends on the paraffin con- 
centration in the stream [i]. This circumstance must be taken into account in describing 
the kinetics of the growth of the layer of deposits on the inner pipe surface. 
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April 28, 1980. 

412 0022-0841/81/4004- 0412507.50 �9 1981 Plenum Publishing Corporation 



We will examine turbulent flow of crude oil in the pipe. The processes of impulse, 

heat and mass transfer in a turbulent flow of liquid in a pipe are such that the local 
values of speed, temperature, and concentration almost over the entire cross section of the 
flow differ little from their mean values over the cross section of the pipe. We may there- 
fore neglect the nonuniformity of the profiles of the sought values and describe the process 
with the aid of the mean parameters over the cross section of the pipe which depend only on 
the time t and the distance along the x axis. Then the equations describing the process 
are univariate. 

We will proceed from a two-layer model of turbulent heat and mass transfer and assume 
that between the boundary of the flow core and the surface of the layer of deposits there is 
a zone in which the concentration and the temperature change from 0 and T in the core to e w 
and Tw, the values of these parameters at the boundary of the layer of deposits. 

It is assumed that the parameters 0 w and T w are mutually correlated: T w = Tw(Sw). The 
simplest form of such a dependence for paraffin dissolved in crude oil is the following [i]: 

Tw : a t -~ -~  lg 89 
P ,(i) 

The accepted arrangement of mass transfer makes it possible to introduce the mass transfer 
coefficient B and to represent the flow of matter to the surface of the layer of deposits in 
the form 

O8 
]~ = 2 ~ 6  (0 - -  0~)  - -  2~60~  at" ( 2 )  

The second component on the right-hand side of this expression is determined by the growth 
of the layer on whose surface new paraffin particles appear every instant. 

The stream of matter Jw serves to increase the thickness of the layer of deposits, con- 
sequently, 

(pp-- Ova) 06 - ~ -  = I~ (Ow - -  0). 

We write the equation of mass transfer in the flow core: 

( 3 )  

00 00 
o-F+u--= 2 + ax a (4) 

This equation can be easily derived, taking expression (3) into account, from the condition 
of constant quantity of paraffin in the system flow core--layer of deposits. Equations (3) 
and (4) describe the mass transfer in the examined system but they do not constitute a 
closed system. The point is that the value of 8 w is variable and depends on the solidifica- 
tion point T w, In order to close the system, we must add equations describing heat exchange 
to Eqs. (3) and (4). One such equation is Stefan' condition which in the case under exami- 
nation has the form 

(9p--  0w) l 06 T M -  T w 
a~- 8 ( t l  n R~ + 1 ) + a ( T - - T w ) .  

6 ~soO (5) 

Here  t h e  m a g n i t u d e  G( t )  c h a r a c t e r i z e s  t h e  t h e r m a l  r e s i s t a n c e  o f  t h e  d i s t o r t e d  s o i l  l a y e r .  
The e x p r e s s i o n  f o r  c a l c u l a t i n g  G( t )  i s  t h e  f o l l o w i n g  [ 2 ] :  

1 R--I } 
G = max ; - 

ao R l n R - - R  + 1 ; 

a 0 = In (H/R~ -}- V(H/RO z - -  1). (6)  

i s  t h e  o u t e r  r a d i u s  o f  t he  d i s t o r t e d  s o i l  l a y e r  which  i s  d e t e r m i n e d  f rom the  equa -  

dR _ Xso l n R +  1/R--1  
dt R~ R In R (1 -~ 1/R + 1/RZ)/6-- R/4 + 1/(4R) " 

Here R(t) 
tion [2]: 
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R l t = o  = 1. 

The following is the equation of heat transfer to the flow core: 

(7) 

OT OT [ 06 a Tw - -  T 
0--7- + u  - 2  ~ + . . . .  a x -ff l  pc~ 6 

The e x p r e s s i o n  f o r  t h e  h y d r a u l i c  g r a d i e n t  i ha s  t h e  fo rm [3] 

_ _ +  giU 

c.E (8) 

Q 2 

4aZgR~ (I .8 lg Re - -  1,5) 2 

Q =  aR~U; R e = 2 U R i / v ;  3 . 1 0 a ~ R e ~ a - 1 0 t  (9)  

The above univariate equation contains the mass-transfer coefficient B and of heat- 
transfer coefficient ~. These coefficients depend on the determining parameters of the 
process, and if such dependences are known, then various problems can be solved with the aid 
of these equations. 

Within the framework of the adopted two-layer model of turbulent flow, we can easily 
write the expressions for the coefficients B and a: 

D f i -  ; a -  
ho & (i0) 

The thicknesses of the diffusion and thermal layers are part of the dynamic layer and are 
equal to [4] 

! ! 

A~Sc- -T Ao = ; A ~ = A ~ P r  4. 

S c = W D ;  P r = v / x ;  ~=~/(pc~) ;  

A~ = l l .5v/u , ;  u, = U]/~/8. ( l l )  

It follows from (10) and (ii) that 

= 0 . 0 3 1 V U S c - ~  = = 0.031 pc~V-~Pr-~ (12) 

I t  s h o u l d  be  p o i n t e d  ou t  t h a t  e x p r e s s i o n s  ( 9 ) ,  (12) a r e  c o r r e c t  f o r  c r u d e  o i l s  d e s c r i b e d  by 
the model of a Newtonian liquid. For crude oils with substantially non-Newtonian properties, 
these expressions may be adopted in accordance with [5, 6]. 

Expressions (i0) are correct on the assumption that the thicknesses of diffusion distor- 
tion and of thermal distortion in the flow are much larger than A D and A X. We will estimate 
the times for which expressions (i0) are correct. The lengths of the zones of thermal and 
diffusion distortions increase with time proportionally to ~and ~, respectively. Hence 
follows the estimate t~A~/D; t~A~s . It is easy to verify that the characteristic times 
A~/D and A~/~ in a developed turbulent flow of liquid are of the order of magnitude of I h. 
The durations of the process that are of interest are counted in days, therefore practically 
for the entire duration of the process, expressions (i0) may be considered correct. However, 
at the very first stage of the process of deposition of paraffin and of the growth of the 
layer, there are a number of peculiarities which are not taken into account in the univariate 
model. For instance, concentration and temperature at the layer boundary are interrelated, 
it is therefore not clear which values have to be taken for these magnitudes as initial con- 
ditions for describing the process within the framework of the univariate model. Here we 
suggest the following approach. Let t < A~/D or A~/~. With such times, the processes of heat 
and mass exchange penetrate deeply into the laminar sublayer. To describe the process at 
these instants, we formulate the following problem of Stefan type: 

OTt O2T~ Oc _ D 02c 
- -  = x - - - ;  ~ ;  Y o ( O ~ Y < ~ 1 7 6  

Ot Oy 2 Ot Of  
02T2 OT2 = •  . c " O ~ y ~ Y o ( O ;  

o-7 # '  = Pp' 
Ti[l=o = T 4 =  ~ To; T4=vo = T4=vo ~ Tw; 

T~lv=o = T~; cl,=o = clv=~ = O; clv=Vo ~ Ow; 
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Fig. i. Change in the thickness of the paraffin lay- 
er A = Ri--~ along the pipe at different instances: i) 
125 h; 2) 625 h; 3) 2500 h; 4) 5000 h. A, cm; x, km. 

Fig. 2, Change of the paraffin concentration 0 in the 
stream of crude oil and of temperature T along the pipe 
at different instants: i) t = 125 h; 2) 625 h; 3) 2500 
h; 4) 5000 h. 

Ap 

500 25O0 #500 D 

Fig. 3. Change in the losses 
of head during pumping Ap 
with time. Ap, arm; t, h. 

�9 B~Yo" 
( g p -  Ow) Yo = D c)c 

Oy 

9p/9o = ( k p  OT----A --~ OTt ) 
Oy ~ / u = y , "  (13) 

The correlation between T w and 0w is given by expression (i). In formulating this problem 
we disregarded the convective component of heat and mass transfer because the densities of 
crude oil and of pollutant paraffin are almost equal. 

Problem (13) has a self-similar solution depending on the Boltzmann variablel 

Ti -- To erfc (y/2 d~{')) . 

T w - -  T O eric (p/1/~) ' 

T 2 -  T M  = erf (y12 ] / - ~ .  
T~, - -  T= er[ ( p / ] / ~  ' 

c - -  0 erfc (9/2 I~--b--{) . 
0w 0 erfc (p/VD)) ' Yo = P V f .  -- (14) 

Using the conditions of equilibrium at the boundary of phase transition, we obtain trans- 
cendental equations for determining Tw, 0w, and p: 

' ppp = 1 / - ~  (0 - -  0~) exp ( - -  p2/D)/erfc (p/V'D') ;  

pplp = %p(T w - -  r= )  exp ( - -  p2/Zp)/[]/a• err (p/lf~p)] -- 
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-- % (Tw -- To) exp (-- pZ/x)/l]f~-~erfc (p/V~)]; 

Tw al + a21g 0~ = ' (15) 
9 

The solution of these equations, with a view to the real values of the parameters contained 
in them, shows that the difference (Tw--T M) is equal to one hundredth of a degree. Therefore 
in solving the univariate system of equations we took 

Twl~=o; Ow[l= o = p. lO(r~ -aO/a,. (16) 

The initial thickness of the layer was taken to be equal to zero. To obtain a numerical 
solution, we can make a number of simplifications in the initial system of equations (i), 
!3!-(9). Under real conditions of the process, 8 w <<0p. From this we obtain easily that 

~. Approximate calculations show that the heat flux from the crude oil to the soil 
considerably exceeds the heat content liberated from the paraffin layer in unit time 0c~<< a 
and the heat liberated by crystallization. These facts enable us to transform the initial 
system into a form that is more convenient for numerical calculations: 

06 top ~ = [3 (0 w - -  0); (17) 

61t=o = R~; ( 1 8 )  

0__0_@ + U 0__0_0 = _2__~_~ (0~ - -  0); x < Ul; 
at ax 6 O ~ x ~ L ;  (19) 

O]x=O = 0o; (20) 

_O T_ + V O--Z-T =- 2 - -  T ~t - -  T + f l  iU ., x <~ V t ; 
at Ox ~pc.6Z ( 1 in R_ff_L + 1 1 ) eriE O ~ x ~ L ;  

xp 6 +-J (2l) 
TIx=o = To; (22) 

Tw = T-- T--T~ 
1 (23) ( - - ! -  1 + In R 'I + 1 

\ ~ so 6 ~p 6 7 

These equations describe the process of filling the pipes with crude oil and the subsequent 
operation. For solving the system of univariate equations (17)-(23), a program in FORTRAN-V 
was prepared and realized on a computer. The calculations were carried out with the follow- 

ing values of the parameters: Oo = 30 kg/mS; To = 10~ Ri = 0.15 m; H = 1.8 m; v = 0.05 
m2/h; c H = 0.5 kcal/kg.deg; 0p = 800 kg/mS; I = 50 kcal/kg; %p = 0.5 kcal/m.h.deg; 8 = 
0.5.10 -2 m/h; a, = I140C; ~ = 28.1~ TM =-50C; ~so = 0.00778 m2/h; %SO = 1.8 kcal/m.h.deg; 

L = 50 kmi Q = 250 m3/h. 

The results of the calculations are presented in Figs. 1-3. Figure 1 shows the evolu- 
tion of the paraffin layer on the surface of the pipe. The front edge of the layer moves in 
the course of time away from the initial cross section on account of the rising temperature 
of the crude oil during the process of heating of the surrounding soil. At t = 5000 h the 
front edge is 12 km away from the initial cross section. It is interesting to note that 
whereas the layer grows monotonically along the pipe when its thickness is small, a maximum 
appears at some cross section of the pipe when the layer is thick. This is connected with 
the fact that at considerable thicknesses of the chill zone, the heat-dissipation capacity in- 
creases and the temperature of the flow rises, raising the temperature of the layer surface 
and correspondingly decreasing the intensity of the migration flow of the paraffin. The 
corresponding phenomena can also be noted in Fig~, 2~which shows the concentration profiles of 
paraffin in the flow and the temperatures of the flow at different instants. Here it may be 
noted that on the section, where the front edge of the layer becomes blurred, the paraffin 
concentration in the stream increases. In addition to that, for high values of time (t = 
5000 h), there is a minimum concentration corresponding to the maximum thickness of the layer. 

The intensity of the temperature drop along the pipe decreases with time because of the 
heating of the surrounding soil and the increase of the power of the dissipative sources of 
heat when the thickness of the paraffin layer increases. Beginning at some instant, the power 
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of the dissipative sources, which increases downstream, balances at some point the heat losses 
to the soil, and the flow temperature, having passed through its minimum, begins to increase. 

Figure 3 shows the change in the losses of head along the pipe in time. In connection 
with the growth of the paraffin layer, the losses of head in pumping increase from 16.6 atm 
for a clean pipe to 41 arm for t = 5500 h. After that the losses of head begin to decrease 
because of the destruction of the paraffin layer on the pipe wall. 

NOTATION 

e, T, paraffin concentration and temperature, respectively, in the flow core; 0w, Tw, 
concentration and temperature , respectively, on the surface of the layer of deposits; p, 
density of the crude oil; jw, flow~of paraffin to the surface of the layer; B, mass-transfer 
coefficient; A, thickness of the layer of deposits; pp, density of the paraffin; U, mean 
flow velocity; l, latent heat of crystallization; TM, initial soil temperature; %, %p, %so, 
thermal conductivity of crude oil, paraffin, and soil, respectively; ~, heat-transfer coeffi- 
cient; Ri, pipe radius; CH, heat capacity of crude oil; g, acceleration of gravity; v, kine- 
matic viscosity of crude oil; A~, AD, A%, thickness of the dynamic, diffusion, and thermal 
layers, respectively; ~, coefficient of hydraulic resistance; D, diffusion coefficient; x, 
thermal diffuslvity; T~, oil temperature; T2, temperature of the layer of deposits; c, local 
paraffin concentration; Yo, thickness of the layer; y, distance to the pipe surface; H, depth 
of the pipe in the ground; To, Co, temperature and concentration, respectively, in, initial 
cross section of the pipe; L, length of the pipe; t, time; x, distance in the direction of 
the axis; 6, radius of the inner surface of the paraffin layer. 

LITERATURE CITED 

i. I.L. Gurevich, Technology of Oil and Gas Processing [in Russian], Khimiya, Moscow 
(1972). 

2. B. A~ Krasovitskii, "Thermal and hydraulic regime of a pipe carrying a liquid liable to 
freeze," Inzh.-Fiz. Zh., 35, No. i, 125-132 (1978). 

3. N.Z. Frenkel', Hydraulics [in Russian], Gosenergoizdat, Moscow--Leningrad (1956). 
4. M.D. Millionshchikov, "The laws of resistance of heat and mass exchange in turbulent 

flow through pipes," in: World Oil Congress, 13-19 June 1971, SD-IO, Moscow (1971). 
5. Z.P. Shul'man and B. M. Berkovskii, Boundary Layer of Non-Newtonian Liquids [in Rus- 

sian], Nauka i Tekhnika, Minsk (1966). 
6. A.H.P. Skelland, Non-Newtonian Flow and Heat Transfer, Wiley, New York (1967). 

417 


