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ABSTRACT 
This paper develops a system model for electrification in a flow 
loop and investigates volume charge accumulation due to  re- 
circulatory flow between a charge source and several charge 
relaxation regions. Enhanced charge densities are predicted 
when the source is a filter and the residence time in the re- 
laxation regions is small compared to the liquid dielectric re- 
laxation time. Small scale flow loop experiments verified the 
enhanced charge densities. In these experiments, transformer 
oil was circulated at volume flow rates of 0.063-1.26 1/s between 
a 208 1 reservoir and a paper cellulose filter. The filter and the 
reservoir were electrically isolated from the rest of the flow 
loop and either grounded or virtually grounded through cur- 
rent measuring electrometers. The charge densities of the fluid 
entering and exiting the filter and reservoir were measured us- 
ing absolute charge sensors. Good agreement was obtained be- 
tween t he electrometer current and the calculated difference in 
convection currents. Bypassing the reservoir greatly reduced 
the residence time for charge relaxation and resulted in in- 
creased volume charge densities over the reservoir flow case. 
The charge density was found to have a strong dependence on 
temperature. 

1. INTRODUCTION 

LOW electrification can become a hazard whenever F a moving liquid transports charge to a downstream 
location where the charge can accumulate. If the field 
due to the accumulated charge exceeds the breakdown 
strength of the materials, spark discharges may occur 
which can then lead to the failure of the system. The 
charge itself comes from the interface between the liquid 
and its boundary, where there is usually a preferential 
adsorption of one charge carrier a t  the interface, with the 
other carrier diffusely distributed into the liquid. When 
the liquid flows by this boundary, some of the distributed 
charge is convected along with the liquid, resulting in a 
net charge being entrained in the liquid flow. This charge 

will then either accumulate in the liquid volume or leak 
away to the liquid/solid boundary, where it can still ac- 
cumulate if the solid structure can rise in potential. 

Numerous catastrophic failures of large scale systems 
appear to have followed this flow electrification scenario. 
Several explosions and fires in the petroleum industry 
during the transfer, processing, and storage of various hy- 
drocarbon distillates have been attributed to charge accu- 
mulation in the fluid volume and a t  the interface between 
the fluid and the vapor space [l]. If enough charge accu- 
mulates, the resulting electric field can discharge through 
the vapor and ignite it, causing an explosion. 
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Table 1. Nomenclature 

:harge density constants (C/m’) 
>ipe diameter (m)  
nolecular diffusivity (m2/s) 
iifferential area (ma) 
iifferential volume (m’) 
dectric field intensity (V/m) 

feedback coefficient 
iilter paper thickness (m) 
:lectrometer current (A)  
filter paper current (A) 
:urrent density (A/m2) 
Boltrcmann’s constant = 8.62 x 
:V/K 
ievelopment length (m) 
filter paper porosity 
volume flow rate (l/s) 
Reynolds number 
clectric Reynolds number 
time (s) 
temperature (K)  
fluid velocity (m/s) 
volume, volume of the j th region (1) 
charge density activation energy (eV) 
conductivity activation energy (eV) 
Length (m) 
relaxation parameter 
fluid permittivity (F/m) 
permittivity of free space = 8.854 x 
lo-” F/m 
effective filter paper permittivity 

filter paper permittivity (F/m) 
kinematic viscosity (m2/s) 
effective fixed charge density (pC/mS) 
filter paper fixed charge density 

region j charge density, steady state 
charge density ( pC/m5) 
charge density at inlet, outlet (pC/mS) 
fluid conductivity (S/m) 
conductivity coefficient (S/m) 
relaxation time, relaxation time in j th 
region (8) 

residence time, residence time in jth 
region (s) 

(F/m) 

(pC/m’) 

Numerous failures of very large forced oil-cooled elec- 
tric power transformers have also been attributed to flow 

electrification [2,3]. While the actual failure usually in- 
volves a discharge from the HV windings to the low- 
voltage windings in the header region of the transformer, 
the sequence of events leading to the failure condition 
is not well understood. One proposed scenario is that 
the flowing oil carries charge from the ducts through the 
transformer windings up to the header region above the 
windings where the charge can accumulate. When the 
transformer is energized, the applied ac field is superim- 
posed on the dc field associated with the volume space 
charge and the total field may exceed the breakdown 
strength of the dielectric insulation between the windings 
[4,51. 

Another sequence of events that can lead to the elec- 
trification failure of a transformer begins with charge ac- 
cumulating on the surface of the solid insulation in the 
plenum or entrance region to the winding ducts [6,7]. 
This surface charge can be the result of flow electrifica- 
tion in the pumps and heat exchangers, so that the charge 
in the oil entering the plenum region relaxes to the solid 
insulation or the flowing oil entrains charge a t  the en- 
trance region to the winding ducts, leaving behind image 
charge on the solid insulation. If the solid is very insu- 
.lating, enough charge can accumulate so that the total 
field formed by the superposition of the dc field and the 
energization ac field can exceed the breakdown strength 
of the solid insulation. Indeed, several failed transform- 
ers have shown discharge surface patterns (‘tracking’) and 
subsurface channels (‘worm holes’) on the solid insulation 
at the entrance region to the windings [3]. It is probably 
not coincidental that this is a region where high dc fields 
can occur and significant eddies in the oil flow are created 
by the duct geometry. While it is unlikely that a single 
discharge in this region has sufficient energy to cause the 
transformer to fail, repeated discharges can create gas 
bubbles [8] and carbon particulates that can be trans- 
ported by the oil to the region between the high and low 
voltage windings. If enough gas or particulates accumu- 
late, the dielectric strength of the insulation is sufficiently 
reduced and a severe discharge may occur. 

This paper investigates the concept of flow recircula- 
tion leading to enhanced volume charge densities. Until 
the recent development of sensors that unambiguously 
measure the local charge density, such as the absolute 
charge sensor [9] or the tandem charge monitor [lo], en- 
hanced charge densities could not be measured. Other 
charge density sensors could not separate the effects of 
flow electrification through the sensor from the desired 
charge density to be measured [ll]. Furthermore, ex- 
periments based upon streaming current meaaurements 
could not show the charge density enhancement because 
the streaming current results from the difference in con- 
vection currents between charged fluid entering or exiting 
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a structure. Because the difference was  required, absolute 
values for the charge density could be obtained only if the 
charge density was known to be zero somewhere in the 
system, implying no significant recirculation of charged 
fluid. 

In this investigation, a system approach is used to mod- 
el flow electrification by combining the contributions from 
several different components to determine the conditions 
leading to charge density enhancement. While it is well 
known that individual components can have dramatical- 
ly different effects on the charge density, as shown by 
experiments in which varying the flow rate between com- 
ponents that charge the fluid with opposite polarities can 
change the net charge density of the fluid [12,13], most 
work has considered systems in which the flow was not 
recirculated or  the fluid entering the charge source was 
essentially uncharged. An exception is the work of Roach 
and Templeton [5] that developed a system model for the 
flow recirculation in a transformer and the accumulation 
of volume charge in the transformer header region, but 
those conditions did not lead to an enhanced charge den- 
sity by the flow recirculation. 

This paper begins with the development of a model for 
a recirculatory flow loop in Section 2 that is similar to 
flow loops found in electric power transformers and auto- 
motive fuel systems. According to the model, the charge 
density will be enhanced if the charge does not relax com- 
pletely before being returned to the entrance region of a 
charge source. This enhanced charge density was also ver- 
ified in a flow loop experiment in which the charge source 
was a cellulose paper filter, as described in Section 3. Sec- 
tion 4 provides a summary and discusses the application 
of these results to an electric power transformer. 

2. RECIRCULATORY FLOW 
MODEL 

schematic diagram for a generic flow loop is shown in A Figure 1. The recirculatory flow is driven by a pump 
(region 1). As the fluid flows through the loop, charge can 
be added to the fluid volume by the charge source (region 
3), filter paper in our case, and the charge can relax in 
the expansion volumes on either side of the charge source 
(regions 2 and 4). Charge can also relax in the pipes 
(region 5 )  which connect the various parts of the system 
or other expansion volumes (region 6) in the system. In 
this model, all of the charge entrained in the fluid flow 
comes from the charge source; only charge relaxation oc- 
curs in the other components of the system. Even though 
other regions may generate some charge, these contribu- 
tions are assumed to be negligible in comparison to the 

(Re1 axation 
Chamber) 

Region 3 

Source) 

Region 2 
(Relaxation 
Chamber) 

Region 5 
(Piped 

Region 6 
(Relaxation 

Chamber) 

Figure 1. 
A schematic diagram for a recirculatory flow loop. 
The  fluid flow is driven by a pump in region 1 
into region 3 where charge can be entrained in 
the fluid volume. Because the fluid flows through 
the other regions (2,  4, 5, and 6) the  charge is 
allowed t o  relax. Regions 2, 4, and 6 are expan- 
sion regions while region 5 represents the pipes 
connecting the different regions. The  regions en- 
closed within the box with dashed lines could cor- 
respond to  a filter, with the filter paper acting 
as the charge source, or a transformer, with the 
pressboard ducts through the windings acting as 
the charge source. 

charge provided by the charge source. This assumption 
can be tested by verifying that the charge density of the 
fluid exiting each region is less than that entering or by 
measuring the charge density in the loop with the charge 
source bypassed to verify that it is small compared to 
the charge densities obtained with the source present. To 
prevent ohmic conduction through the fluid from system 
components rising in potential, each region is assumed 
to be grounded or virtually grounded through a current 
measuring electrometer. 

This type of flow loop can be found in electric pow- 
er apparatus, such as a transformer, where oil is used for 
both electrical insulation and heat transfer. The oil is cir- 
culated through the system by a series of pumps (region 
1). The oil then enters a plenum region (region 2) and 
passes into the insulation ducts between the transformer 
windings. These ducts serve as the charge source (re- 
gion 3) because a charge separation process takee place in 
which charge (generally positive) on the liquid side of the 
interface is entrained in the oil flow with the opposite po- 
larity charge remaining on the oil/pressboard insulation 
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interface. The charged liquid then flows into the header 
region (region 4) where charge relaxation can occur. The 
oil is then recirculated back to the pump through a pipe 
network (region 5) and a heat exchanger (region 6 ) .  

Some fuel transfer systems, such as those supplying 
gasoline to the engine of an automobile, can also be con- 
sidered recirculatory flow loops. The pressure for driving 
the fuel through the lines is created by a pump (region 
1). The fuel then goes through some tubing into a fil- 
ter, which strains fine particulate matter from the fuel 
to prevent blockage of the fuel injection ports. The fil- 
ter material is typically paper cellulose with small pores 
through which the fluid must pass. If the fluid is rela- 
tively insulating, the Debye length over which charge is 
distributed in the fluid volume is large compared to the 
pore radius and the pores are essentially uniformly filled 
with charge. As the fuel flows through the pores, some 
of this charge is entrained in the fuel flow and the filter 
acts as a charge source. In most filters, the fluid flows 
through a small expansion volume (region 2), the filter 
paper itself (region 3), and then through another expan- 
sion volume (region 4). After the filter, the fluid flows 
through additional tubing (region 5) to either be injected 
for combustion or returned to the fuel tank (region 6 ) .  In 
typical polymeric (nylon) fuel systems, the conductivity 
of the tubing is low enough that various components in 
the system can rise in potential and ohmic conduction 
through the fluid becomes important. 

2.1 COMPONENT MODELS 

To model the accumulation of charge in the fluid vol- 
ume, the charge dynamics of each component will be mod- 
eled first. Then the net volume charge density will be 
obtained by coupling the components together into a s y 5  
tem. 

For a region with surface area S and volume V, charge 
conservation can be written as 

where f = u g  is an ohmic current density in the electric 
field .@ and p.’ is the convection current density for fluid 
having a volume charge density p and moving at a velocity 
ii. Assuming that the charge density is uniform over the 
fluid cross section a t  the inlet and outlet, Equation 1 gives 

dP0 f c,?? da‘ + (po - pi )Q + V- dt = o 
s 

Since the fluid has homogeneous properties, the leftmost 
term can be rewritten using Gauss’ law as the total charge 
in the volume poV, divided by the dielectric relaxation 
time re = c/o. The charge density inside a well-mixed 
volume with ohmic relaxation and charge convection is 
then given by 

(3)  

where rr = V/Q is the residence time of charge in the 
fluid volume. Thus, for the expansion regions 2, 4 and 6 ,  
the charge densities are governed by 

1 + (; + $) P4 = 7 , q P 3  

2 + (: + $) Ps = g P 5  
1 

(4) 

(5) 

In this formulation it is assumed that the fluid properties 
are uniform throughout the system Tea = ~ , 4  = E re. 

2.1.2 CHARGE SOURCE REGION 3 
2.1.1 EXPANSION REGIONS 2, 4, AND 6 

To model the charge dynamics inside the relaxation 
regions, charge conservation can be applied. Consider a 
volume containing a fluid which has a uniform conductiv- 
ity U and permittivity e. Also, let the fluid be circulated 
through the volume a t  a volume flow rate Q, where the 
fluid entering the volume has a charge density p; while 
the exiting fluid has a charge density po. The charge 
density of the exiting fluid will be the same as the bulk 
fluid charge density inside the volume if the fluid can be 
considered well mixed. Inside this volume, charge must 
be conserved. 

The most general description of the charge source would 
take into account a large number of parameters including, 
but not limited to, the fluid properties, such as the con- 
ductivity, permittivity, ion mobilities, trace impurities, 
temperature and self fields from charge already entrained 
in the fluid, and the properties of the charging element 
itself. In a transformer, the ducts for oil flow through the 
windings can be considered the charging element. The 
volume charge density generated by the fluid flow would 
depend upon the flow rate, the applied fields, and proba- 
bly the conductivity and moisture content associated with 
the pressboard insulation. 
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In the case being considered here, the charging element 
is a paper cellulose filter, composed of a matrix of paper 
fibers with small pores through which the fluid must pass. 
As the oil flows through the pores, some of the volume 
charge distributed across the pores is entrained in the oil 
flow and the filter paper acts as a charge source. Thus, 
the charge density of the fluid exiting the filter paper will 
depend upon the paper material. 

A model for the charge entrained by the flow of hy- 
drocarbon liquids through filter paper has been devel- 
oped by Huber and Sonin [14]. In this model, the solid 
matrix of the filter paper (having permittivity e#)  is as- 
sumed to be much more insulating than the liquid flowing 
through it and the liquid enters the paper uncharged but 
leaves the paper charged. An analytical expression for 
the charge densities exiting the paper was derived for the 
case of small charge densities, such that the additional 
conductivity due to net mobile volume charge is negligi- 
ble compared to the equilibrium ohmic conductivity, and 
for Peclet numbers (uh/Dm) baaed on the average axial 
fluid velocity U in the pores, filter paper thickness h and 
ion diffusivity Dm much larger than unity. By extending 
this derivation to include a charge density pa for the fluid 
entering the filter paper, the charge density of the fluid 
exiting the paper can be written as 

p 3  =(I- exp[-1/~,1) + p z e x p [ - 1 / ~ ~  (7) 

where P is the paper porosity or the volume fraction occu- 
pied by the fluid, pf is the fixed charge density associated 
with the filter paper and the fluid, cp = Pc + (1 - P)e ,  
is the effective permittivity of the fluid-solid composite, 
and Re is an electric Reynolds number given by 

P€ 

with rep = c p / ( P a )  an effective relaxation time and T~~ = 
Ph/u = Vp/Q a residence time for Auid in filter paper 
having an effective volume Vp. The electric Reynolds 
number is the ratio of a dielectric relaxation time to the 
fluid transport time through the filter paper. Thus, an 
alternative formulation for the charge density exiting the 
filter paper can be expressed as 

p3 Pd(1 - exp[-rrp/Tep]) -k Pa eXd-7 rP / r e p ]  ( 9 )  

where Pd 3 cppj / (P t . )  is a material dependent constant 
that is independent of flow rate. The analytical exprea- 
sion developed by Huber and Sonin can be obtained by 
setting the inlet charge density pa to zero. 

The charge density exiting the filter paper consists of 
the contribution from the paper itself plus the charge den- 
sity entering the paper modified by a decay associated 

with the time the charge spends in the paper. This super- 
position of the contributions to the exiting charge density 
is consistent with the small charge density constraint. In 
this formulation, the parameter Pd is an effective charge 
difference for charge added to the fluid as it passes though 
the filter paper. Note that for low flow rates such that 
rrp >> rep, p3 %! Pd and the filter paper acts as a constant 
charge density source. On the other hand, for high flow 
rates such that rrp << rep, then the influent and effluent 
charge densities are related to the current from the paper 
I f P  by 

( 
Pd vp 

I f p  = ( P Z  - p3)Q x -- 
rep 

and the filter paper acts as a constant current source 

2.1.3 PIPE REGION 5 

In order to complete the flow loop, pipes will be present. 
In these flow sections, the volume is not necessarily well 
mixed so Equation 3 does not hold over the pipe length. 
Even in turbulent flow, the fluid is only considered well 
mixed at a given pipe cross section; the charge density is 
taken as uniform over a cross section, but can vary over 
the pipe length. A relation describing the relaxation of 
charge in the pipes is given by 

Ps = a P 4  (11) 

where the relaxation parameter a reflects the amount of 
charge relaxation in this region and will, in general, be 
different for laminar and turbulent flow. The relaxation 
parameter must satisfy Q 5 1 to be consistent with the 
assumption of only charge relaxation in this region. 

The relaxation parameter depends upon the flow rate, 
the fluid properties, and the system geometry through 
the Reynolds number for the fluid flow. For pipe flow, 
the Reynolds number R can be defined aa 

4Q 
s D v  

R =  - 
with D the pipe diameter and Y the fluid kinematic vis- 
cosity. For fully developed flow, the flow can be consid- 
ered laminar if R 2000 and the flow can be considered 
turbulent if R 2000. These different flow regimes will 
result in different relaxation parameters, but, if the flow 
is developing because of short pipe lengths and numer- 
ous bends or protuberances (such as valves) aa in the 
experiment to be discussed in Section 3, the flow can be 
considered well mixed with an essentially uniform veloci- 
ty profile. Thus, even though the flow in the experiment 
varies from laminar to turbulent because of the different 
flow rates and pipe diameters, we assume that the flow 
is fully mixed so that the charge density p ( z )  and fluid 
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velocity U are uniform across the pipe cross section. Us- 
ing the differential form of Equation 1, the steady state 
charge density variation with position is given by 

P(Z) = pi exp[-l/Re(z)] (13) 

where pi is the charge density a t  the inlet to the pipe sec- 
tion and Re(z) = u r e / ~  is an electric Reynolds number 
giving the ratio of the dielectric relaxation time to the flu- 
id transport time over a length z. With the average fluid 
velocity related to the volume flow rate by U = 4Q/7rD2, 
a comparison of Equations 11 and 13 gives the relaxation 
parameter as 

Q = exp[-rTs/.r,] (14) 

where is the residence time in region 5. 

2.1.4 PUMP REGION 1 

The pump for driving the flow is in region 1. The 
volume in this region may be considered well mixed so 
Equation 3 applies. If the volume is considered to be 
small so that the residence time is negligible in compar- 
ison to the dielectric relaxation time, the charge density 
exiting is essentially that entering, or 

PI  = P5 (15) 

In any real pump, both charge relaxation and generation 
will occur, with charge generation tending to dominate 
[15]; these effects are assumed to be negligible in this 
analysis. 

2.2 SYSTEM MODEL 

To obtain a relation describing the steady state charge 
densities in terms of the properties of each region, the 
charge dynamic equations for each region must be com- 
bined. In the experiment to be discussed in Section 3, the 
inlet and the outlet of the charge source (filter paper) are 
not readily accessible and expansion volumes are present 
on either side of the source. As a result, the charge den- 
sities a t  the filter outlet (p4)  and inlet ( P I )  are measured 
and these are the charge densities to be determined. Note 
that the largest charge densities will occur in region 4 be- 
cause it is immediately after the charge source and the 
other regions are assumed to only have charge relaxation, 
not generation. 

The governing equation for the charge density in the 
fluid exiting region 4 can be obtained by combining Equa- 
tions 4 to 6, 9, 11, and 15 to yield 

43 

(;+$)(:+$)I%+ 

Since this is a third order differential equation in the 
charge density, it is difficult to determine the stability 
of the equation from the characteristic polynomial. In- 
stead, to argue that this equation leads to finite charge 
.densities, consider the homogeneous solutions of the dif- 
ferential equations given in Equation 4 to 8. The ho- 
mogeneous solutions correspond to exponentials that de- 
cay with time. As long as the 'source' charge density 
(pa in this case) does not increase indefinitely with time, 
the charge densities throughout the system will also be 
bounded and not increase indefinitely with time. 

For the filter paper being considered here, it is conve- 
nient to assume that Pd can be taken to be a constant 
with respect to time. The steady state charge densities 
a t  the outlet and inlet of the filter are then given by 

QP4ss 
Plsr = - l+F 

The steady state charge density in region 4 also can be 
written as 

1 - exp[ z] 
P4sr = pd (19) 1 - G  

where G is a feedback coefficient defined by 

Note that the magnitude of G is always less than one. 
In the limit where the system does not have any loss 
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elements G --+ exp[-rrp/.rep] and the maximum charge 
density is p4 = Pd.  

A limiting case for this model occurs when the relax- 
ation parameter is zero (a = 0) or the residence time for 
the fluid in region 6 is long compared to the relaxation 
time. Under these conditions, all of the charge relax- 
es before the fluid returns to the charge source. Then 
G = -rr4/re and the steady state charge density is 

This result is consistent with previously published results 
for charge relaxation inside a well-mixed charge trap [16]. 
Furthermore, if the residence times are small compared to 
the relaxation times (rr4/re << 1, rrp/rep << l ) ,  Equation 
21 approximately reduces to 

Thus, when the flow rates are large or the fluids are in- 
sulating, these residence times are small compared to the 
relaxation times and the charge density in the fluid vol- 
ume decreases as the flow rate increases. 

Another limiting case occurs when the relaxation pa- 
rameter is one (a = l) or the residence time for expansion 
region 6 is small compared to the relaxation time. In this 
case, the charge only relaxes in the expansion volumes 
on the inlet and outlet sides of the (filter paper) charge 
source and the fluid entering the charge source can still 
contain a significant charge. Assuming, for simplicity, 
that rrp = r r 4 ,  a first order approximation to G is 

G z  ( I - -  ::) exp [:] - 3 r e  (23) 

For low flow rates, the exponential goes to zero and the 
steady state charge density will be the same as the Q = 0 
case. For high flow rates, the steady state charge density 
becomes 

P483 Pd 1 + zp- (24) [ 
which is a constant, independent of flow rate. Thus, if 
the flow rate is high enough, the steady state charge 
density is enhanced compared to the non-recirculating 
(cy = 0) charge case. Conceptually, this enhancement 
can be interpreted as charge accumulating in the fluid 
with each pass through the filter, reaching a steady state 
when charge leakage balances charge generation. 

The limiting cases illustrating the enhancement of vol- 
ume charge densities can be related to the electrification 
processes inside a transformer where failures have gener- 
ally occurred when the transformer is being re-energized 

after being out of service. When in operation, the tem- 
perature of a transformer is elevated and the temperature 
dependent oil conductivity is relatively large. Then, the 
a = 0 limiting case applies and the charge relaxes with- 
out any significant accumulation of charge in the oil vol- 
ume. On the other hand, when first being brought on line, 
transformers are typically at a low temperature so the oil 
conductivity is low. It is then possible for the residence 
times and dielectric relaxation times to be comparable 80 

that the Q = 1 limiting case applies and significant charge 
can accumulate in the oil volume. 

By substituting for the relaxation parameter from Equa- 
tion 14 into Equations 17 and 18, the steady state charge 
densities relative to Pd can be written as 

with A and B as defined in Equation (25). 

When written in this form, the steady state charge den- 
sities depend upon the flow rate through the parameter 
rr4/re and upon the relative volumes of the other regions 
(except the filter paper region, which also has a contri- 
bution due to the differences in permittivities). 

A plot of the theoretical relative charge density at the 
outlet of the filter and the inlet to the filter as a func- 
tion of flow rate is given in Figure 2 for representative 
parameters from the experiments. In the experiments, 
two flow conditions are considered: reservoir and bypass. 
In the reservoir flow condition, the fluid flows through an 
expansion volume (drum) near the pump inlet. By mak- 
ing the residence time in this region large compared to 
a relaxation time, the fluid is essentially uncharged as it 
exits this region and goes toward the filter inlet. In the 
bypass flow condition, the fluid flows through a pipe that 
bypasses the expansion volume. The volume of this pipe 
section is much smaller than the expansion volume so sig- 
nificantly less charge relaxation occurs. As a result, the 
fluid entering the filter has a significant charge density. 

For very low flow rates (rrp >> rep), the fluid leaving 
the filter paper has approached Pd and the charge density 
is determined by the residence time for charge relaxation 
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Figure 2 .  

Theoretical filter outlet (solid) and inlet (dashed) 
steady state charge densities as a function of the 
fluid volume flow rate with representative pa- 
rameters K=Va and VpPe/V~r,=0.024. In the 
VS = Vs = 0 case, the inlet and outlet charge den- 
sities are the same. For the Ve/V4=320.0 case of 
flow through the reservoir, the filter inlet charge 
density is near zero. For comparison to the ex- 
periment, it was assumed that r e / r F 4  is approxi- 
mately 0.64 times the flow rate Q in GPM. 

in the expansion volumes; as the flow rate increases, the 
residence time decreases and the charge density increases. 
At high flow rates, the contribution to the volume charge 
density from the filter paper decreases with increasing 
flow rate but the residence time for charge relaxation in 
the expansion volumes also decreases. At the higher flow 
rates, the decrease in charge density from the filter paper 
source dominates the reduced charge relaxation, causing 
a net decrease in the charge density as the flow rate in- 
creases. 

When the residence time in the pipe region and expan- 
sion region 6 are small compared to the dielectric relax- 
ation time, charged fluid enters the filter and the charge 
density is enhanced with respect to the case when the flu- 
id enters the filter uncharged. This enhancement is most 
evident a t  the higher flow rates. The results for complete 
charge relaxation in the loop (Vs/V4 + m) are essentially 
the same aa shown in Figure 2 for reservoir flow. 

3. FLOW LOOP EXPERIMENT 

o test the model and show that charge densities can T be enhanced by flow recirculation, a flow loop ex- 
periment was developed. The experimental facility itself 
is a much smaller version of the facility used by Cooper 

-- 
Figure 3. 

The flow loop experiment. The fluid is circulated 
between a filter, which contains cellulose paper 
and acts M a charge source, and a reservoir, which 
acts as a charge relaxation chamber. The charge 
density was measured at the inlet and the outlet 
to the filter. The reservoir can be bypassed using 
the valves. 

Power Systems [15,17] for studying electrification. In the 
baaic experiment, the charge density is measured a t  the 
inlet and outlet of a paper filter for various flow rates. In 
addition to showing the charge density enhancement, the 
charge generated or relaxed by various components in the 
system can be determined. Another experiment, with the 
charge densities measured a t  the inlet and outlet to the 
drum reservoir, showed the charge density variation with 
temperature and other, as yet undetermined, parameters. 

3.1 APPARATUS 

A closed flow loop facility for testing the enhancement 
of charge densities is shown in Figure 3. In this loop, 
transformer oil flow is driven by a pump through standard 
iron piping (4.13 cm I.D.) to an oil filter and a 208 1 drum 
reservoir. The oil filter was connected to  the flow loop 
through short sections of copper tubing (2.00 cm I. D.) 
but electrically isolated from the grounded pipes through 
two nylon joints and virtually grounded through a current 
measuring electrometer [Keithley 6141. The filter was a 
Zinga AE-10, which is a 10 p m  paper cellulose filter. The 
reservoir was electrically isolated from the grounded pipes 
by PVC tubing but grounded with an external wire. A 
low pass electronic filter waa attached to the electrometer 
input to prevent ac electrical noise from saturating the 
electrometer. 

To measure the charge densities, absolute charge sen- 
sors (ACS) were installed at the filter inlet and outlet [9]. 
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The ACS sampled oil from the center of the pipes; charge 
density profile measurements show a uniform charge den- 
sity across the pipe and thus the exact position of the 
sampling probe is not critical [9]. Gate valves allow the 
reservoir to be bypassed so that the residence time for 
charge relaxation in the flow loop is greatly reduced and 
the enhancement of the charge density due to the recir- 
culation of the fluid flow could be determined. 

The oil temperature was monitored with an Omega 
model 747 digital thermometer and a thermocouple probe 
at the pump inlet and found to vary from 27.4 to 32.2'C 
when the flow went through the bypass. When the flow 
went through the reservoir, the temperature varied from 
29.9 to 30.8%. The impeller speed of the pump was con- 
trolled using an ac motor controller to give flow rates be- 
tween 0.063 and 1.26 l / ~ .  When the fluid flows through 
the bypass, the volume of oil for dissipating the heat gen- 
erated by the flow is greatly decreased and the oil tem- 
perature increases more rapidly than when the flow is 
through the reservoir. The temperature increase was not 
a problem at the lower flow rates, but did become a prob- 
lem a t  the higher flow rates because the measured charge 
densities increased with temperature. To prevent the oil 
temperature from increasing too much, after each mea- 
surement with bypass flow, the flow was valved through 
the reservoir to return the oil to near its ambient temper- 
ature. 

In these measurements, the oil had a relative permit- 
tivity of c/c,=2.2. The oil moisture content and con- 
ductivity were determined at the end of the experiment 
from samples of oil withdrawn from the system. The 
moisture content was measured to be 34 ppm with a 
Mitsubishi moisture meter, which performs a Karl Fis- 
cher titration. This is a relatively high moisture content 
(- 40% of saturation) because the oil was readily avail- 
able and no attempts were made to vacuum process or 
dry it. The conductivity was measured with an interdig- 
ita1 electrode structure (flex sensor), which has one set 
of electrodes driven a t  a 1 V peak ac signal that could 
be varied in frequency from 5 mHz to 10 kHz [18]. The 
other set of electrodes were sensing electrodes, with the 
output signal attenuated and phase delayed with respect 
to the driven signal. A parameter estimation algorithm 
was then used to process these measured signals and gave 
an ohmic conductivity of a=3 pS/m a t  25% [19]. 

The system was filled with as much oil as possible to 
minimize the air content and the effects of bubbles. The 
inlet pipe to the reservoir extended to the end opposite 
the reservoir outlet so any charged oil entering the reser- 
voir would spend a full residence time in the reservoir 
before exiting. The residence time for oil in the reservoir 

at the highest flow rate of 1.26 l/s is - 165 s. Since the 
oil dielectric relaxation time is on the order of 6.5 8, the 
oil leaving the reservoir should be essentially uncharged. 
On the other hand, when the reservoir is bypassed, the 
volume of the pipes for recirculating the flow (region 5 
of the model) is on the order of V~=2.6  1, giving a re- 
duced residence time of about 2.1 s at the highest flow 
rate. With this reduced residence time, the charge will 
not have sufficient time to completely relax before re- 
entering the paper filter. For comparison to the model, 
a complete set of the flow loop parameters are given in 
Table 2. 

Table 2. 
Nominal experimental parameters for the flow 
loop. The values given for volumes Va and V' 
include the volumes of the pipe sections between 
the filter itself and the locations where the ACS 
sampled the fluid. 

Parameter Symbol Flow Condition 

Pump volume 
Bypass I Reservoir 

Fluid permittivity 
Fluid conductivity 

Paper porosity 
3.5 

The current measured by the filter electrometer should 
be equal to the difference between the convection currents 
at the inlet and the outlet. If the charge density and fluid 
flow rate can be taken as uniform over the cross section 
of the pipe, the electrometer current i~ is given by 

i~ = (Pi - Po)Q (27) 

with Q the volume flow rate. In the experiment, the flow 
rate varies between 0.063 and 1.26 1/s. Using a represen- 
tative oil kinematic viscosity of v=1.8x lo-' m2/s, the 
Reynolds number varies from 108 to 2160 in the iron pip- 
ing and from 225 to 4500 in the copper piping. The devel- 
opment length Le for fully developed flow a t  the entrance 
of a duct of diameter D is given by [20, pp. 312-3131. 

$ $y { 0.06R laminar 
4.4R1I6 turbulent (28) 

where R is the Reynold's number defined in Equation 12. 
This gives a minimum development length (for laminar 
flow at 0.063 l/s) of 13 cm for the copper tubing and 27 cm 
for the iron piping. This indicates that the flow may be 
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Figure 4. 
Measured charge densities at the filter inlet and 
outlet as the fluid flow rate and relaxation vol- 
ume vary. The  oil temperature varied from 27.4 
to 32.2.C when the flow was through the bypaaa 
and varied from 29.9 to 30.8% when the flow was 
through the reservoir. The  oil moisture level was 
34 ppm and the conductivity was 3 pS/m. 

fully developed in some sections of the pipe network at 
the lower flow rates. At the higher flow rates, where most 
of the measurements are performed, the flow is developing 
because of the short sections of pipes and the numerous 
bends. For the analysis presented here, even when the 
flow is not turbulent, the velocity profile is taken as being 
essentially uniform over the pipe cross section. 

3.2 RESULTS 

To test for the enhancement of charge densities due to 
recirculatory flow, the charge densities at the inlet and 
outlet to the filter were measured as a function of flow 
rate. A representative set of data is shown in Figure 4. 
With flow through the reservoir, the charge density at the 
filter outlet is seen to decrease as the flow rate increases. 
The charge density a t  the inlet is small compared to that 
a t  the outlet, thereby confirming that the charge generat- 
ed external to the paper filter source is negligible. With 
the reservoir bypassed so that the charge is not complete- 
ly relaxed before entering the filter, the charge density a t  
the outlet tends to be enhanced with respect to the reser- 
voir flow case. 

The data tends to be consistent with the model and 
shows the enhancement of the charge density at the high- 
er flow rates. The main discrepancy between the model 
and the experiment occurs at the higher flow rates with 

as 
F 
3 
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t 
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Figure 5. 
The measured filter electrometer current and the 
difference in convection currents calculated from 
the measured charge densities for flow through 
the bypass and the reservoir. 

bypass flow where the filter outlet charge density increas- 
es with flow rate. In the model, a constant or slowly 
decreasing outlet charge density is predicted for increas- 
ing flow rates. This increase in charge density with flow 
rate can be attributed to a slight increase in oil tem- 
perature; the charge density is sensitive to temperature 
changes through the oil conductivity and P d .  The inlet 
charge density increased with flow rate as the residence 
time in the bypass section decreased. 

At the lowest flow rate, the difference in inlet charge 
densities between the bypass flow case and the reservoir 
flow case is small so the outlet charge densities should 
be about the same, with the reservoir flow charge den- 
sity smaller. The small increase in outlet charge density 
between the bypass flow case and the reservoir flow case 
can be attributed to  an increase in the oil temperature; 
the measurements through the bypass were made before 
those through the reservoir, so the reservoir flow measure- 
ments were made at a slightly higher temperature. At 
the lower flow rates, the increase in charge density due to 
temperature variations dominated the enhancement due 
to smaller residence times with the flow bypass. 

The difference in convection currents at the inlet and 
outlet to the filter should be balanced by the electrom- 
eter current. Plots of these currents, given in Figures 5 
and 6, show relatively good agreement between the calcu- 
lated convection current and the measured electrometer 
current. For any given flow rate, the magnitude of the 
current when the flow is through the reservoir is larger 
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Figure 6. 

An alternative method for comparing the mea- 
sured electrometer current with the convection 
current calculated from the charge densities. Ide- 
ally, each da ta  point will lie on the solid line where 
the currents are equal. 

than when the flow is through the bypass. This is consis- 
tent with the analysis of the previous section in which the 
filter paper acts as a constant current source ( T , ~  << T ~ ~ ) .  

In this flow regime, the relaxation of the charge entering 
the filter results in less current being drawn from the ex- 
ternal circuit, through the electrometer. This indicates 
that charged fluid entering the filter affects the terminal 
measurement of the current but it does not affect the 
charging process of the filter paper itself. While this con- 
clusion is reasonable for these measurements, it is unlikely 
that this is true in general. Indeed, the model used to de- 
scribe the charging of the fluid by the filter paper is only 
valid for small charge densities. At the low flow rates, 
the calculated difference in convection currents and the 
measured currents do not agree as well, possibly because 
the flow is nearly fully developed in some sections of the 
pipes, giving a nonuniform charge density profile so that 
Equation 27 is no longer accurate. 

Various experiments have shown that the electrification 
charge density is strongly dependent upon the tempera- 
ture [4,6,21]. One set of charge density measurements 
showing this temperature dependence in the flow loop fa- 
cility had the ACS positioned at the inlet and outlet of the 
reservoir. The filter was grounded externally with a wire 
while the electrometer and low pass filter were connected 
to the drum reservoir. The flow still went through the 
filter so that large charge densities would be measured. 
With the pump running at its maximum speed, the flow 
rate through the reservoir was measured to be - 1.14 l/s. 
At this flow rate, the heat generated by the pump took 

I I I I 

OTI Temperature (C) 
15 20 25 30 35 , D 

I I I I 
3.25 3.3 3.35 3.4 3.45 

lrr, (l0-3K) 

Figure 7. 
(a)  Charge density variations with temperature 
a t  a flow rate of 1.14 1/s. The  charge densities 
were measured a t  the inlet to the reservoir as the 
heat generated by the pump slowly raised the sys- 
tem temperature over a 24 h period of time. The 
hysteresis in charge density a t  the higher tem- 
peratures indicates that  some other parameter, 
in addition to the  temperature, ham an effect on 
the charge density. The  straight line relating the 
logarithm of the charge density to  the inverse of 
the temperature in plot (b) indicates that  the 
charge density has an Arrhenius type dependence, 
with an activation temperature of 6675 K which 
is equivalent to an activation energy of 0.58 eV. 

an ambient temperature of 18 to - 38'C. The charge den- 
sity at the inlet to the reservoir is plotted against the oil 
temperature in Figure 7a. The oil temperature initial- 
ly increased with time, but then decreased slightly later 
in the day, as the ambient temperature in the room de- 
creased. While the charge density also decreased, it did 
not follow the same curve as the temperature increase, 
indicating some type of hysteresis. Thus, it can be con- 
cluded that, in addition to the temperature, some other 
parameter, such as moisture or trace impurities, has an 
effect on the charge density. The charge density a t  the 
outlet of the reservoir increased from an initial level of 9 . .  

about 12 hours to raise the-temperature of the oil from to 17 pC/m3 at the end of the experiment. 
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To get a better understanding of the charge density 
temperature dependence, the natural logarithm of the 
charge density was plotted against the inverse of the oil 
temperature, as shown in the lower plot of Figure 7b. Be- 
cause the data lie along a straight line, the charge density 
has an Arrhenius type temperature dependence, with an 
activation temperature of 6675 K or an activation ener- 
gy (activation temperature divided by Boltamann's con- 
stant) of 0.58 eV. If the pipe volume between the filter 
outlet and the reservoir inlet is neglected, Equation 22 
describes the charge density variation and indicates that 
the total activation energy should be the sum of the acti- 
vation energies for the oil conductivity and for P d .  Other 
research has shown that the activation energy for tem- 
perature variations in the oil conductivity is - 0.45 eV 
[22]. Thus, the activation energy associated with P d  is 
estimated to be 0.13 eV. 

- \ 

3.3 COMPARISONS WITH THE 
MODEL 

fllter Inlet 

Strict comparisons between the model and the experi- 
ments are complicated by the temperature variations in 
the system and the possibility that some of the assump- 
tions in the model are not strictly valid. For example, the 
fluid is not necessarily well mixed in the various expansion 
volumes or pipe sections and the Huber and Sonin mod- 
el for charging from filter paper may require additional 
modifications when being applied to an actual filter as- 
sembly. Nonetheless, some comparisons can be made. 

First consider the reservoir flow data of Figure 4, where 
Equation 22 describes the charge density on the outlet of 
the filter. To obtain a quantitative fit between the model 
and the experiment, it was assumed that P d  obeyed 

P d  = c1 exp[-W,/hT] (29) 

c = c, exp[-W,/kT] (30) 

with Wr = 0.13 eV and the conductivity obeyed 

with Q, = 1.21 x lo-. S/m and W, = 0.45 eV. Since 
the temperature variations in the system were small (less 
than one degree Celsius), both P d  and c could almost 
be taken as constants. By using the experimental values 
for the various parameters and varying c1 until the least 
squares error between the data and the model was min- 
imised, the light line in Figure 8 was obtained. With c1 
found to be 3.31 C/m3, Pd is 22.9 mC/m3 at 30'C. 

This value of P d  is only as accurate as the estimates of 
P ,  Q, V,, and e,, because all of these parameters affect 
the scaling of the charge density. On the other hand, 
the shape of the charge density curve with respect to 

T 
3 
P 'Z 
8 
F 
5 

m 140 

70 

Next, consider both the reservoir flow case and the by- 
pass flow case together. The only differences between 
these two cases are the temperature and the volumes as- 
sociated with the pipe region and the expansion volume in 
region 6; all of the other parameters should be the same. 
In the reservoir flow case, the volume V. was found to 
have an effective volume of 2.27 1. A similar analysis can 
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Figure 9. 
A comparison between the experimental charge 
densities of Figure 4 and those predicted by the 
model. The bold line corresponds to the reservoir 
flow case. The light lines correspond to the bypass 
flow case. 

be used to determine the effective volume V, in the by- 
pass flow case. By taking the ratio of the measured charge 
densities at the filter inlet and outlet and comparing this 
result to Equation 25 and 26, the effective volume for Vs 
is found to vary between 2.04 and 3.37 1, with an aver- 
age of 2.54 1. This corresponds very well to the nominal 
measured value of 2.65 1. The other volumes V, and Vz 
cannot be determined simply and are assumed to have 
their nominal values. 

With the volumes known, the only remaining unknown 
is Pd. Figure 7 showed that the measured charge density 
exhibited an  Arrhenius temperature dependence and also 
some hysteresis as the temperature was lowered. While 
attempts were made to maintain a constant temperature 
in the bypass flow measurements by valving relatively cool 
oil from the reservoir through the bypass loop between 
charge density measurements, there were some tempera- 
ture variations. To get a better comparison to the model, 
Pd was assumed to obey 

where W,=0.13 eV and parameters c1 and ca are to be 
estimated. In this expression, the first term describes the 
temperature dependence and the second term gives an 
offset that may be due to the hysteresis. Using the ef- 
fective volume V4=2.27 1 and the original values for the 
other volumes, filter paper permittivity, and fluid p r o p  
erties, a least squares estimation gives cl=41.9 and CO=- 

0.236 C/m3 and the lines in Figure 9. At 30'C, this gives 

pd=53.5 mC/m3. While the fit is not perfect, it is rea- 
sonable for the variation in conditions. It appears that 
the increase in charge density at the higher flow rates can 
be described by the increase in temperature. 

4. DISCUSSION 

N this paper, it has been shown that the volume charge I densities can be enhanced by recirculated flow if the 
charge is not allowed to relax significantly before re-enter- 
ing a paper filter charge source. While the enhancement 
was qualitatively predicted by a simple model and veri- 
fied in an experiment, quantitative comparisons between 
the model and the experiment were complicated by un- 
controlled parameters, such as the temperature, moisture 
content, conductivity, and trace impurities. Experimen- 
tal measurements with this filter and other filters were re- 
peatable a t  any given time, with similar trends observed 
for the charge density and electrometer current variations 
with flow rate, but the levels were found to vary on a daily 
basis; the best experimental results were obtained when 
all of the measurements were obtained in a single day and 
the temperature variations were kept to a minimum. 

After accounting for the limitations of the experiment 
and the model, a reasonable fit between them was ob- 
tained. Ideally, a single set of model parameters, such 
as pd, the volumes, fluid properties, and filter paper per- 
mittivity, would describe all of the data. Attempts to 
improve the fit from that shown in Figure 9 were un- 
successful. It appears that the model is too simple to 
describe all of the data. A better model would more 
accurately describe the physics of the charge generation 
process, such as the dependence on temperature and POS- 
sibly oil moisture content, so that the observed hysteresis 
in the charge density with variations in temperature (in 
Figure 7) could be explained. Additionally, relaxing some 
of the assumptions made for the other components, such 
as not requiring the volumes to be well mixed, could also 
improve the model. In some situations charge generation 
from regions other than the charge source also may be 
significant, but that did not appear to be the case in this 
experiment. 

In any physical system, the degree to which the volume 
charge density is enhanced depends upon the losses in the 
system and the nature of the charge source. One basic cri- 
terion for flow recirculation to enhance the charge density 
is that the residence time in the loop must be comparable 
to or smaller than the dielectric relaxation time for the 
fluid. As to the charge source, the manner in which the 
the source charges the fluid must also be considered. For 
example, if the charge source provides a constant charge 
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density then the charge density exiting the source is inde- [3] S. R. Lindgren, A. P. Washabaugh, P. A. von 
pendent of the residence time in the loop. On the other Guggenberg, M. Zahn, M. Brubaker, and J .  K. Nel- 
hand, if the source provides a constant current, then the son, “Temperature and Moisture Transient Effects 
charge density of any fluid element entering the source on Flow Electrification in Power Transformers”, 
is augmented with each pass through the loop and the Proceeding of the 1992 International Conference on 
steady state charge density will be enhanced if the resi- Large HV Electric Systems (CIGRE), Paris, France, 
dence time is not large compared to the relaxation time. paper 15/12-02, 1992. 

As an example application of this analysis for an ac- 
tual system, consider an oil-cooled transformer. These 
transformers typically contain about 76000 1 of oil and 
have a bank of pumps, typically around eight in number, 
each of which has a maximum flow rate near 50 I/s. If all 
of the pumps are running, the residence time in the sys- 
tem is 190 S. When in operation, the temperature in the 
transformer is high enough that the dielectric relaxation 
time is a fraction of a second and there will not be an 
enhancement of the charge density. On the other hand, 
during the startup transient when the transformer is still 
cold (near O’C), the relaxation time is on the order of tens 
of seconds. Even though this is still small compared to 
the residence time, some enhancement of the charge den- 
sity can occur. While it appears unlikely that this is the 
primary mechanism for failure in an actual transformer, 
it may still play a role. 

[4] R. Tamura, Y. Miura, T. Watanabe, T. Ishii, 
N. Yamada, and T. Nitta, “Static Electrification 
by Forced Oil Flow in Large Power Transformers”, 
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Erdman, Editor, American Society for Testing and 
Materials, Philadelphia, pp. 119-135, 1988. 
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Cooled Core Type Transformers”, IEEE Trans. Pow- 
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