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Petroleum fuels (gasolines, kerosenes, diesel fuels, etc.)  are dielectrics.  During the operations of decantation,  
pouring, and pumping through large pipelines and hoses, they are electr if ied.  The accumulat ion of e lect ros ta t ic  
charges in the volume of a fuel in reservoirs, different vessels, and equipment constitutes a serious danger in indus- 
t r ia l  processes. Cases of the ignit ion and explosion of petroleum fuels resulting from discharges of static e lec t r ic i ty  
are known in practice. 

In recent years, there has been increased interest in the e lec t r i f ica t ion  of petroleum products. However, the 
accumulat ion of exper imental  data is still  insufficient,  and there is no comple te  concept with respect to this 
phenomenon. 

T H E O R E T I C A L  C O N S I D E R A T I O N S  

The e lect r i f ica t ion of petroleum fuels is due to the  presence of cer tain types of impurities,  mainly e lec t ro -  
lyres whose molecules in a hydrocarbon medium are capable  of dissociating into ions. The mechanism of e lec t r i f i -  
cation comes down to the fact that ions of the same sign existing in a l iquid are adsorbed on the surface of a solid 
(the wail  of a tube), while ions of the opposite sign are distributed in the volume of the liquid. With movement  of 
the liquid, the e lec t r ic  charges distributed in its volume are entrained by the flow and, together with the liquid, a c -  
cumulate  in the receiving reservoir. The adsorbed charges on the wall  of the tube are freed, and i f  the tube is 
meta l l i c  and grounded, are neutralized. 

Kosman and Gavis [1] proposed a theory of the formation of charges in liquid dielectr ics  with their turbulent 
flow through tubes; the theory is based on the transfer of ionic charges by diffusion, conductivity,  and convection. 
According to the theory, the value of the current force, i ,  of the e lec t r i f ica t ion  of the flow of a l iquid in a pipeline 
with radius a and length L is determined from the equation: 

i -~  +_ 2NF Nu 1 n 1 - -  , 

where ~ and ~ are the die lect r ic  permeabi l i t ies  of the l iquid and of a vacuum, respectively;  R is the universal gas 
constant; T is the absolute temperature  of the liquid; v is the mean rate of movement of the liquid; N is the transfer 
number of ions of opposite sign; F is the Faraday number; Nu is the Nusselt number; n o and n w are, respectively,  the 
concentrations of ions in the volume of the liquid and on the surface of the tube wall; ~" is the re laxat ion t ime  of 
the liquid. 

It is assumed in Eq. (1) that the specific conductivity of the liquid, ?~, is equal to: 

2n~ (2) 
Y ~ RT ' 

while the effect ive thickness of the diffusion layer,  d, that is, the thickness of the layer of liquid near the wall,  

closely bound to the surface, is equal to: 

2a (3) 
d ~  N u '  

where D M is the coeff ic ient  of molecular  diffusion. 
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Pig. 1. Schematic diagram of unit for 
invest igat ion of the e lec t r i f ica t ion  of 
petroleum fuels in a flow: 1) fluoro- 
plastic insulators; 2) supply reservoir; 
3) stainless steel  tube with d iameter  of 
4 ram; 4) direct current e lec t romet r ic  

amplifier;  5) receiving reservoir; 6) 

eIectrostat ic  vol tmeter ,  

Prom the relationships describing mass transfer in turbulent flow i t  
follows that the diffusion of ions to the wall  of the tube obeys the laws 

for the transfer of mass or heat  at high Schn'iidt or Prandtl numbers. Here 
no account is taken of such factors as the va lence  of the e lec t ro ly te  in a 
solution of the l iquid and the roughness and the state of the inner walls of 

the tube, which have an effect  on the value of the e lec t r i f ica t ion  cur-  

rent force. 

N the derivation of Eq, (1) i t  was postulated that ions of only one 
va lence  are present in the liquid. It is well  known, however, that the 
e lec t r i f ica t ion  of liquid hydrocarbons depends on the presence in them of 
such dissociated impuri t ies  as heteroorganic compounds with high polar i -  
ty, as wel l  as solid col lo ida l  particleso In light petroleum products, for 
example ,  je t  fuels, with long- term storage and pumping, there can ac -  
cumulate  so-ca l led  microimpuri t ies  due both to the corrosion products 
of the metals  and the surrounding dust and to processes involving the oxi-  
dation of the unstable components of the petroleum products. Conse- 
quently, the transfer of charges in liquid hydrocarbons may involve the 
par t ic ipat ion both of ions of different valence  (monovalent,  divalent ,  
mul t ivalent  ions), and of re la t ive ly  large col lo ida l  part icles,  and the 
actual  value of the e lec t r i f ica t ion  current force of the flow can be con-  

siderably greater than that ca lcu la ted  using formula (1). 

The effect  of the above- l i s ted  factors on the value of the current 

strength of the  e lec t r i f ica t ion  of the l iquid flow may be taken into ac -  
count using the coeff icient  K wl ich ,  in turn, consists of the following 

two coefficients:  

K ~ Gr 2, 

where c~ 1 is a coeff ic ient  depending on the character  of the ions in the 
l iquid (mono- and polyvalent  or groups of ions); c~ is a coeff ic ient  

character iz ing the roughness of the internal  wails of the tube and their 

state [ I ,  5]. 

The value of these coefficients must be determined exper imenta l ly .  

Using the coeff icient  K and the relationship for the Nusselt number 
Nu = 0.0223 Re7/8Scl/4, where Sc = u / D  M is the Schmtdt number and 

u is the k inemat ic  viscosity of the liquid, Eq. (1) is transformed to the following form which is convenient  for prac-  

t i ca l  calculat ions:  

( I L)L [ = =  --+ K 0,035e%/~.T~/VF Re7/8 SCI/4 1 - -  n0nc \) 1 - - e x p  ( ~ -  �9 (4) 

It can be assumed that the current strength for the e lec t r i f ica t ion  of petroleum fuels in pipelines depends on 

the following factors: the d ie lec t r ic  properties and the k inemat ic  viscosity of the liquid; the flow rate; the d imen-  
sions of the pipel ine and its length; the ma te r i a l  of the pipeline; the roughness and the state of its inner walls; the 

temperature  of the liquid. 

E X P E R I M E N T A L  I N V E S T I G A T I O N S  

Experimental investigations of the e lec t r i f ica t ion  of petroleum fuels in a flow were carr ied out in the labora-  
tory of the I. M. Gubkin Moscow Institute of the Pet rochemical  and Gas Industry in two different units, I and II, 
consisting of supply and receiving reservoirs and a pipeline in which the flow of the fuel was established. 

In unit I (Pig. 1) the fuel was poured from the supply reservoir into the receiver  (both with a capac i ty  of 10 
liters) through a ver t ica l ly  arranged tube made of stainless steel,  with a diameter  of 4 ram, under the pressure of 
the column of l iquid or of gas. Both reservoirs were insulated from the ground and from each other using special  
insulators made of Fluoroplastic-4.  The resistance of an insulator exceeded 1013 t]. The pouring tubes could be 
var ied  by increasing the column of l iquid or by setting up an excess gas pressure in the supply reservoir. During 
the t ime  of a single exper iment  the flow rate in the tube was constant within the l imits of about 1%. 
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TABLE I. Properties of Pe t ro leum Products Invest igated 

Density, Specif ic  v o l u m e t r i c  e l e c -  Die lec t r ic  
Pet ro leum product p~0 Viscosity at 20~ cS t r ica l  resistance,  Pv, f~" m permeabi l i ty ,  s 

B-70 gasol ine  . . . . . . . . . . .  

B-70 gasol ine . . . . . . . . . . .  

I l luminat ing  kerosene . . . . . .  

T-1  je t  fuel  . . . . .  . . . . . . .  

T -1  j e t  fuel  . . . . . . . . . . . .  

T-1  j e t  fuel  . . . . . . . . . . . .  

B-70 gasol ine  with addit ion 

of magnes ium o lea te  in  a 

concent ra t ion  of  0. 001 

g / l i t e r  . . . . . . . . . . . . .  

Diesel  fuel  . . . . . . . . . . . . .  

B-70 gasol ine wi th  addit ion 

of  magnes ium o l ea t e  in  a 

concent ra t ion  of  0.01 

g / l i t e r  . . . . . . . . . . .  . . 

Gas oil  . . . . . . . . . . . . . . .  

B-70 gasol ine  wi th  addit ion 

of c h r o m i u m  naphthenate  

in a concent ra t ion  of 0.1 

g / l i t e r  . . . . . . . . . . . . .  

Crude oil  . . . . . . . . . . . . . .  

742 

742 

785 

800 

800 

807 

742 

883 

742 

881 

742 

855 

1.16 

1.16 

1.53 

1.53 

1.53 

i. 64 

1.16 

3.76 

1.16 

5.48 

1.16 

12.33 

2.54 

"2.20 

9.60 

6.78 

5.35 

1.67 

1011 

10 ll 

1010 

1010 

i 01~ 

1010 

3.10 �9 10 t~ 

1 .86 .  101~ 

8.50. 109 

5.88. 109 

3.00. 10 9 

6.50. 10 7 

TABLE 2. Results of Tests in Unit I with the Pouring of Crude Oil  and Pe t ro leum Products 

1.99 

1.99 

2.08 

2.10 

2.10 

2.11 

2. Ol 

2.23 

2.00 

2.32 

1.98 

2.24 

Pet ro leum products 

B-70 gasol ine  (y = 3.94 �9 10 -lz 
f2 - I .  m - l )  . . . . . . . . . . . . . . .  

B-70 gasol ine  (y = 4.55 �9 10 "~  
0 - 1 .  m - l )  . . . . . . . . . . . . . . .  

I l lumina t ing  kerosene . . . . . . . . . .  
T-1  j e t  fuel  O' = 1.48 �9 10 -11 

~-I. m - i ) .  .............. 

B-70 gasoline with addition of 

magnes ium o lea te  with a con-  

cent ra t ion  of  0. 001 g / l i t e r  . . . . .  

Diesel  fuel  . . . . . . . . . . . . . . . . .  

B-70 gasol ine  with addit ion o f  

magnes ium o lea te  with a con-  

cent ra t ion  of  0. O1 g a i t e r  . . . . .  

Gas oi l  . . . . . .  . . . . . . . . . . . . .  

B-70 gasol ine  wi th  addit ion of 

c h r o m i u m  naphthenate  wi th  a 

concen t ra t ion  of  0.1 g/1Rer. . . . .  

Crude oi l  . . . . . . . . . . . . . . . . . .  

Rate 

of pouring, 

q, cm3/ sec  

16o7 

16.7 

15.4 

15.4 

18.2 

14.3 

18.2 

10.5 

18.7 

6.1 

of flow in 
pipel ine ,  

v, m / s e c  

1.33 

1.33 

1.23 

1.23 

1.45 

1.14 

1.45 

0.84 

1.33 

0.49 

Reynolds 

number,  Re 

459O 

4590 

3220 

3200 

5000 

1215 

5000 

615 

4590 

159 

Current force  of  

e l e c t r i f i c a t i on  of 

flow, i, A .  10 l~ 

14. O0 

11.50 

7.10 

5.00 

3.30 

0.77 

0.60 

0.29 

0.40 

0.15 

Density of  

charges of  

flows, p 
C / m  3 

84.0 

69.0 

46.0 

32.4 

18.1 

5,4 

3.3 

2.8 

2.4 

2.5 

In unit II, the  fuel  was pumped under gas pressure from the supply reservoir  into the r ece ive r  (both with  a 

capac i t y  of  200 liters) through stainless s teel  p ipe l ines  of different  d iameters  and different  lengths. The unit was 

insulated f rom the ground by cy l ind r i ca l  insulators made  of Fluoroptas t ic-4 ,  whi le  the  p ipeKne was insulated from 
the reservoirs using insulat ing flanges made  of the same mater ia l .  The resis tance of the  insulat ion e x c e e d e d  1013 f2. 
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Dependence of the e lec t r i f ica t ion  current on the 

pouring t ime  for unit I. Two liters of petroleum products: 
1) crude oil; 2) gas oil; 3) diesel fuel; 4) T-1 fuel; 5) i l -  
luminating kerosene; 6) B-70 gasoline. 

Experimental  investigations were carried out using pipelines with inside diameters of 4, 6, 8, 10, 13, and 16 ram, 
and lengths from 1 to 8, 19 ram. The supply reservoir of the unit was designed for a pressure of 15 aim, and the 
pumping rate could be var ied  over wide l imits  from 0.1 to 7 m3/h and over. 

The e lec t r i f ica t ion  investigations were carried out using crude oil  and various types of fuel: gas oil, diesel 
fuel, three different portions of T-1 je t  fuel, i l luminat ing  kerosene, two different portions of B-70 gasoline, and 

B-70 gasoline with different antistat ic additives in different concentrations. Laboratory analysis of the quality of 
the petroleum products was carried out according to GOST (All-Union State Standard) 3900-47 and GOST 33-53, 
while their d ie lect r ic  properties were determined according to GOST 6581-83 on liquid dielectrics.  The unit for 
determining the specific volumetr ic  resistance used flat electrodes,  cyl indr ica l  electrodes were used for 
measuring the d ie lec t r ic  permeabi l i ty ,  Table  1 gives the mean values of the quality indices and the dielectr ic  
properties of the crude oil and the petroleum products obtained from three samples at a temperature  of plus 20~ 
As a rule, the specific resistance was measured before and after the experiments.  It is very evident that the di-  
e lec t r ic  permeabi l i ty  of both the crude oil  and the different types of petroleum products differs only slightly and 
can be assumed equal to two. The specific volumetr ic  resistance is very different, For light petroleum products i t  
is 1000-10,000 t imes higher than for crude. 

The e lec t r i f ica t ion  of petroleum fuels in a flow was determined from the magnitude and the direction of the 
currents flowing between the pipelines being tested and the ground. The currents were measured using magneto-  
e lec t r ic  galvanometers  with a type M 195/3 luminous dial and a scale division of 1.5 �9 10 "9 A, and a d c  Type VI-2 
e lec t romet r ic  ampl i f ie r  with a measurement  range of from t �9 10 -13 to 0,5 �9 10 -6 A. The error in measurement  of 

the current force was not more than ~ 5~ The measuring instruments were connected to the current source using a 
shielded cable.  To ensure the best shielding from stray currents, both the shield of the cable  and a special  shield 
for the instrument i tself  were connected to the te rminal  of the "ground" of the instruments. 

The experiments  were made in the following manner. The supply reservoir of the unit and the pipel ine were 
f i l led  with the  fuel to be investigated,  in amounts from 2 to 200 liters. Then, under the pressure of the column of 
l iquid or of the gas, the fuel was pumped at a constant rate through the pipeline into the receiving reservoir. At 
first every 2-5 sec (depending on the pumping rate), and then every 10 sec, measurements were made of the strength 
and direction of the current between the pipel ine and the ground and of the mean pumping rate of the fuel. The 
current strength was measured with instruments connected between the supply and receiving reservoirs, or only the 
receiving reservoir (in unit I) and the ground. 

As a result of the experiments,  the following laws were established governing the e lec t r i f ica t ion of flows of 
petroleum products. 

Effect of Pumping Time. Figure 2 shows the dependences of the mean values of the current forces for the 
e lec t r i f ica t ion  of the flow on the pouring t ime  of 2 liters of crude and petroleum products through a stainless steel 
pipel ine measuring 6 x 1 ram, with a length of 2 m, under the pressure of the column of liquid. The data were ob- 
ta ined at the following pouring temperatures,  ~ crude-25; gasoline, diesel; and je t  fuels-23; kerosene-23.5; gaso- 
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Fig. 3. Dependence of electrification of petroleum products on their specific volumetric resistance 
(flow rate 0.84-1.45 m/sec; pipeline made of stainless steel, with a diameter of 4 mm and a length 
of 2 m): 1) B-70 gasoline; 2) B-70 gasoline with antistatic additives; 3) illuminating kerosene; 4) 
T-1 jet fuel; 5) diesel fuel; 6) gas oil. 

Fig. 4, Dependence of the electrification current on the flow rate of T-1 jet fuel at a temperature 
of 18. 5-23 ~ 

line-24. Three experiments were made with each sort of petroleum product; the results of the experiments differed 
only slightly. 

It became apparent that, when poured through a steel pipeline, crude oil and petroleum products take on posi- 
tive charges. Simultaneously, free negative charges appear on the surface of the pipeline. The positive charges 
accumulate in the petroleum products of the receiving reservoir. The reservoir takes on a potential difference with 
respect to the ground, which increases with the pouring of the petroleum products. The potential difference was 
measured with an electrostatic voltmeter, connected between the reservoir and the ground. 

It was found in the experiments that a greater number of charges is formed per unit t ime during the initial 
pouring period than in the following period with fully established pouring conditions. It is found in Fig. 2 that, un- 
der given pouring conditions, the t ime required for the establishment of steady-state conditions is from 10 sec for 
diesel fuel up to 40 see for B-70 gasoline. The ex:perimentally determined values of the electrification current force 
for gasoline exceed by almost 50% the mean values of the current force determined with the subsequent establish- 
ment of steady-state electrification conditions. For other sorts of petroleum products this difference in the current 
force is considerably less. 

In tests of th e pumping of T-1 jet fuel under gas pressure in unit II, through pipelines made of stainless steel 
of different dimensions and lengths at different rates, a dependence was established of the force of the electrif ica- 
tion current of the flow on the pumping time analogous to that for B-70 gasoline. However, the t ime required for 
establishment of steady-state conditions for T-1 is from 20 sec up to I min depending on the pumping rate. 

The 'laws found governing the strengthening of the electrification of the flow of the fuels during the initial 
PUmping period can be explained by the rate of formation Of a double electric layer at the solid-liquid interface. 
The process of the diffusion of the ions in the liquid toward the wall of the pipeline takes place in time and arises 
when the liquid is already in contact with the surface of the tube, that is, before the start of pumping. 

Effect of Dielectric Properties. Table 2 gives mean pouring rates and rates of flow in the pipeline, mean 
values of the electrification current force, and of the charge density under fully established conditions, obtained in 
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unit I with the pouring of crude and of various petroleum products through a pipeline cf dimensions 6 • 1 mm and a 

length of 2 m, under the pressure of the column of liquid. The measured values of the potential difference of the 

receiving reservoir and the values calculated from its charge density are not given, since the Iatter differ only 

slightly from the densities given in Table 2, calculated from the mean values of the current force. 

It is evident from Fig, 2 that, under the given conditions (flow rate of all  sorts of products varied over wide 

limits, from 0.84 to 1.45 m/sec) light petroleum products are electrified considerably more strongly than dark pe- 

troleum products (with the exception of gasoline with antistatic addivites). In the presence of additives, the con-  

ductivity of the petroleum products is increased, as a result of which there is an increase in the loss of charges in 

their flow, and the electrif ication is decreased. 

It is characteristic for all the sorts of petroleum products investigated that with an increase in their dielectric 

indices,(mainly,  of the specific volumetric resistance) there is an increase in the density of the charges formed. The 

dependence of the volumetric charge density of a flow of petroleum products on their specific volumetric resistance, 

shown in Fig. 3 on a logarithmic scale, shows that, within certain limits of change in the specific resistance (for 
example, from 8 �9 l0 s to 2 �9 10 I1 ~ , m), the logarithm of the value of the charge density of the flow depends l inear-  

ly on the logarithm of the mean specific resistance of the petroleum products. The slope of the curves is close to 
unity, Consequently, under the conditions of our experiments (variation of the flow rate from 0.84 to 1.48 m/sec) 

the volumetric charge density of the flow of petroleum products is approximately proportional to their specific 

volumetric resistance to the first power (up to definite limits). 

The relationship obtained for the strengthening of the electrif ication with an increase in the specific resis- 

tance of petroleum products up to a value on the order of 10 It f~ �9 m has been observed in laboratory work [2]. In 

[1] the same relationship is given up to a value of the specific resistance of approximately 8 �9 10 u f~ �9 m at a flow 

rate of 1.5 m/sec, With an increase of the flow rates this l imit  shifts toward the side of lower specific resistances 

(5" 101~ �9 m). 

Effect of Flow Rate, Figure 4 gives the dependence of values of the force of the electrif ication current on the 

flow rate for two different portions of T-1 jet fuel, obtained in unit II with a stainless steel pipeline measuring 
6 x I mm and a length of 2 m, with a conductivity of the fuel, i2 -1 �9 m-i :  1) 1.87 �9 10 "il and 2) 6 �9 10 -it. Curve 

3 reflects values of the force of the electrif ication current, calculated for a tube of infinite length: the open points 
refer to a fuel with a conductivity of 6 .  10 - i t  and the black points to a fuel with a conductivity of 1.87 �9 10 "11 

t ; - I ,  m-1  

Curve 3, Fig. 4, was plotted from values of the current force, obtained using the formula: 

i 
ico = 1 - -  exp ( - -  L/vT) ' (5) 

where i are values of the current force measured in experiments with L = 2 m. All the points, where the parameter 
L /v r  < 1, lie on a single straight line with a slope of about 1.875. The same result was obtained in experiments 

with pipelines of other sizes and lengths. Consequently, the current force ioo is proportional to the flow rate of the 

fuel to the 1.878 power, 

Effect of Diameter and Length of Pipeline, To establish the effect of the diameter of the pipeline, a curve 

was plotted of the dependence of the value of log(i o~/v l' sty)on the logarithm of the diameter of the pipeline for 

all the tube sizes tested. It was found that the current strength for electrif ication of the flow of fuel is proportional 

to the diameter of the pipeline to the 0.875 power. 

To establish the effect of the length of the pipeline, a curve was plotted of the dependence of the value of 
i / (2a)  ~ on the parameter [ 1 - e x p ( - L / v r ) ]  for tubesof different lengths, from 1 to 8 m. It was found that the de- 

pendence of the current force for electr if icat ion of the current on the length of the pipeline is represented in the 

form i ~ [ 1 - e x p  ( -  L/vr)]. 

Value of the Coefficient K, For the flow of all the fuels investigated in pipelines of all sizes and lengths 
tested, a curve was plotted of the dependence of the value of log [ i~/(2a)  ~ x vi.STS]on the logarithm of the pa- 
rameter G = 4aZ/Rei'75rv. All the experimentai  data lie closely along a singte curve. The experimental  data of 

other authors ~ -6 ]  for the flow of various petroleum products, analyzed by the above method, also lie close to the 

curve obtained for the electrif ication of petroleum fuels, 

According to the experimental  data for the flow of petroleum fuels, the coefficient K was found equal to 10: 

this value must also be used in calculations using formula (4). 
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C O N C L U S I O N S  

1. The volumetric charge density in the flow of a fuel, within cer ta in  l imits,  is l inearly dependent on its 

specific volumetr ic  resistance. 

These l imits  vary depending on the flow rate. 

2. For a fuel with a low conductivity,  the  current force for the e lec t r i f ica t ion  of a turbulent flow in a pipe-  
line of great (more precisely, infinite) length is proportional to the flow rate to the 1. 875 power. 

3. The current force for the e lec t r i f ica t ion of the turbulent flow of a fuel is proportional to the diameter  of 
the l ipe l ine  to the 0.875 power. With an increase in the length of the pipeline, within known limits,  i t  increases. 

4. The theory of Kosman and Gavis [1] describes correct ly the process of the e lec t r i f ica t ion  of petroleum prod- 
ucts with their  turbulent flow in pipelines; however, i t  does not take account of various charge carriers in industrial 
petroleum products, as a result of which i t  yields too low a value of the current strength for the e lec t r i f ica t ion  of 
the flow of petroleum fuels. 
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